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Introduction

The formulation of Quantum Chromodynamics (QCD) as a theory to describe the strong
interactions was certainly one of the most impressing achievements of Physics in the 20-
th century. As a matter of fact, QCD proved to be able to account for a wide variety of
observed phenomena. Some of the most famous examples are: confinement [1], hadron
spectroscopy [2], asymptotic freedom [3] and Bjorken scaling violation in Deep Inelastic
Scattering of leptons and hadrons [4].

Since the establishment of QCD in the early '70s, a huge effort has been devoted to
find suitable tools that permit the extraction of quantitative predictions out of it. The
non-abelian nature of QCD, and the consequent asymptotic freedom, strongly suggests
that perturbation theory could offer a valuable handle for the calculation of the cross
sections in the high-energy region where perturbativity is supposed to hold. Nonetheless,
perturbativity is not always sufficient. In fact, a more careful analysis of the QCD
structure reveals that a general high-energy cross section is a mix of high- and low-energy
contributions, and thus is not directly computable in perturbation theory. In practice,
it turns out that a direct calculation is affected by infrared (low-energy) divergences.

It should be remarked that the appearance of infrared singularities is a feature of
non-inclusive observables. It has been proven that fully inclusive observables without
hadrons in the initial state, like for instance ete™ annihilation into hadrons, are free
of any infrared divergence (KLN-theorem [5, 6]). Therefore in these cases perturba-
tivity alone is enough to perform the calculation. On the other hand, this excludes a
widely studied category of observables, namely the hadron-lepton and the hadron-hadron
cross sections, which are of extreme interest in the Large Hadron Collider (LHC) era.
However, these processes can still be treated in a manner which is reminiscent of the
renormalization procedure, and that is based on the concept of collinear factorization.
Unfortunately, until now the applicability of the factorization procedure to all orders in
perturbation theory has been be proven only for a limited number of processes [7]. For
the remaining processes, instead, the collinear factorization is simply assumed to hold
up to the perturbative order under consideration.

The collinear factorization property of QCD states that any high-energy cross section
o can be systematically separated (factorized) into a high-energy contribution & and a
low-energy contribution f, according to the formula:

c=6®f. (1)

The infrared singularities that may appear in an explicit perturbative calculation of &
(coefficient functions) can be factorized out and essentially moved into the low-energy
part f. This is similar to what happens in the renormalization procedure, where the
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ultraviolet singularities are absorbed into the renormalization constants. In the factor-
ization framework, the role of the renormalization constants is played by the parton
distribution functions (PDFs). The essential difference between renormalization con-
stants and PDFs is that, while the former are still computable in perturbation theory,
the latter are not. Hence, one is forced to find an alternative way to determine PDF's
and, up to now, the by far most efficient method is the extraction from experimental
data.

Any PDF determination from experimental data basically proceeds through the fit
of eq. (1) to data, where the function f is parametrized by some empirical functional
form. Therefore, the reliability of PDFs deeply depends on the accuracy with which
coefficient functions ¢ have been calculated. As a consequence, a lot of effort has been
invested in obtaining as accurate as possible computations. In this context, the inclusion
of higher-order perturbative corrections and the formulation of a factorization scheme
able to properly account for the heavy quark mass effects were certainly two of the main
guidelines.

The importance of having precise PDF sets at one’s disposal is manifest in the
present historical moment. In fact, PDFs are one of the dominant sources of systematic
uncertainty in many of the LHC cross section measurements relevant for Standard Model
precision physics, Higgs boson characterization and new physics searches. In parallel,
the copious amount of precise measurements coming from the LHC itself will certainly
lead to a substantial improvement in the determination of PDFs.

This thesis is mainly concerned with the effects of the inclusion of the heavy quark
mass contributions in PDF determinations up to the highest possible perturbative order.
The more general scope is to obtain a PDF set which combines the most up to date
available data with the most precise calculations. To this end a wide dataset, ranging
from Deep-Inelastic-Scattering (DIS) data to the most recent LHC data, has been fitted
using a theoretical framework where heavy quark mass effects are consistently included
up to next-to-next-to-leading order. This resulted in the arguably most accurate PDF
set currently available: the NNPDF2.3 set.

This thesis is organized as follows. In the first chapter the concept of PDF will be
introduced in the context of QCD. Considering the DIS process at next-to-leading order,
it will be shown how the presence of PDF's is needed to reabsorb the infrared divergences
that arise in the calculation. Such a procedure will finally lead to the formulation of the
DGLAP equation which is one of the basic ingredients for a PDF determination.

In the second chapter a general overview of the presently available factorization
schemes commonly used in DIS to include heavy quark mass effects in PDF fits is
presented. The main features, and the possible variants, of each scheme will be discussed
showing how they behave in the low- and high-energy regions.

In the third chapter the implementation of the FONLL method (already introduced
in Chapter 2) up to order o (being a; the strong coupling) will be described thoroughly.
This will go through the precise definition of heavy and light structure functions for both
neutral-current (NC) and charged-current (CC) processes. In addition, the Mellin space
formalism, which is used for the implementation of the FONLL method presented in
this thesis, will be introduced. In the last part of the chapter a benchmark of the
implementation of the structure functions will also be presented.

In the fourth chapter a detailed description of the implementation of the heavy
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quark masses in the MS renormalization scheme for the DIS structure functions will
be illustrated and benchmarked. The implementation of the MS scheme for the heavy
quark masses, as compared to the more common pole mass scheme, requires two main
modifications: the consistent replacement of the pole masses with the respective MS
masses in coefficient functions and the modification of the PDF matching at the heavy
quark thresholds. Both the NC and CC cases are considered here.

The implementation of the FONLL method to extract PDFs has been performed in
the NNPDF framework. In the fifth chapter the main features of the NNPDF methodo-
logy as a framework for the determination of PDF's will be summarized.

Finally, in the sixth chapter, the results obtained from the implementation of the
FONLL scheme up to next-to-next-to-leading order in the NNPDF framework to obtain
the proton PDF's will be presented. After a brief description of the dataset included in
the fits, the impact of the higher-order corrections and of the heavy quark mass effects
will be assessed. Thereafter, a short discussion on some of the implication on the LHC
phenomenology will be presented and, at the end, a brief comparison to the other PDF
sets presently available will be given.
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Chapter 1

Parton Distribution Functions

The main goal of this Chapter is the introduction of the concept of Parton Distribution
Function (PDF) in the context of the Quantum-Chromodynamics (QCD). This in par-
ticular will lead to the formulation of the DGLAP equation which is one of the most
important ingredient of the present PDF determinations.

The Deep-Inelastic-Scattering (DIS) context is doubtless the most suitable play-
ground where to discuss such concepts. In fact, DIS is one of the few processes for
which the all-order factorization theorem has been proved [7], therefore it provides a
well-established framework. In addition, DIS data are still massively used in the deter-
mination of the PDFs.

The so-called “naive” parton model, proposed by Feynman in the late ’60s [8], regards
hadrons (e.g. protons) as composed of point-like constituents, named partons, from which
any incoming particle scatters instantaneously and incoherently. Such a simple model,
applied immediately after to DIS [9], was able to predict the (approximate) Bjorken
scaling of the structure functions, that not much later was experimentally observed.
In addition the verification of the Callan-Gross relation, derived in the same context,
ascertained the spin—% property of the partons [10]. As a “byproduct”, the idea of PDF
fi(&) was also introduced, f;(§)d¢ being the probability that the parton type i carries a
momentum fraction of the hadron between ¢ and € + d¢. It should be stressed here that,
in the naive parton model, the PDFs have a purely probabilistic interpretation.

The naive parton model existed before the invention of QCD. Once the QCD was
invented [11], it was straightforward to match partons to quarks and gluons, giving the
parton model a solid theoretical foundation. In particular, it was found that the naive
parton model is the leading-order (LO) approximation of QCD. Higher-order corrections
to DIS were soon calculated and this resulted in one of the most impressive achievements
of QCD: the prediction of the so-called Bjorken scaling violation that later was experi-
mentally observed in DIS. This striking success is based on two main features of QCD:
the asymptotic freedom and the collinear factorization.

1.1 The Asymptotic Freedom

Asymptotic freedom [4] is a property of QCD according to which the coupling as between
constituents becomes asymptotically weaker as the energy ) at which the “matter” is
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probed increases. At LO in perturbation theory the equation for the evolution of «y
(running) is given by:
9 Oag

2 3
Q* 555 = o +0(al). (11)
with:
1 11
Bo = 6n T mcfh (1.2)

being N is the number of quark flavours and Cy = 3 one of the SU(3) color factors. The
second term on the r.h.s. of eq. (1.2) is a consequence of the “non-abelianity” of QCD
(gauge group SU(3)) which gives rise to gluon self-interaction diagrams. It is evident
that this negative contribution is dominant if Ny < 16. In QCD this is always the case,
therefore, while 5y < 0, eq. (1.1) states that «y is a decreasing function of @ or, in
other words, that QCD is asymptotically free. The asymptotic freedom is an extremely
important feature of QCD because, for @) sufficiently large, the coupling constant «ay is
small enough to allow the use of perturbation theory.

A rough estimate of the minimal energy where perturbation theory is still applicable
can be obtained considering the “experimental” value of Aqcp ~ 200 MeV which is,
by definition, the energy where the coupling constant a diverges. Given that for Q —
Aqcp = a5 — 00, the requirement for perturbativity oy < 1 to be applicable leads to
Q > Aqcp. More quantitatively, for @ ~ 2 GeV, a,(Q) ~ 0.3 which is already a small
enough value to use perturbation theory.

1.2 The Collinear Factorization

The collinear factorization is a very central ingredient in the definition of PDFs.

As discussed in Ref. [7], order by order in a perturbative expansion, any physical
quantity in QCD is a combination of low- and high-energy contributions, and hence,
due to the presence of the low-energy part, it is not computable directly in perturbation
theory. This is the basic statement of the factorization theorem. There are actually
exceptions to this rule. These are inclusive cross sections without hadrons in the ini-
tial state, such as the total cross section for e*e annihilation into hadrons, or into jets
(infrared safe observables). Nevertheless, this leaves out the majority of experimentally
studied processes like lepton-hadron and hadron-hadron cross sections, as well as inclu-
sive cross sections in eTe annihilation with detected hadrons in the final state. The
factorization theorem allows to derive predictions for these cross sections, by separat-
ing (factorizing) low-energy from high-energy behavior in a systematic fashion. Thus,
almost all applications of perturbative QCD use factorization properties of some kind.

The original factorization theorem [7] was based of the assumption that the typical
kinematic energy scale of the process @) is much bigger than all the masses involved.
However, this assumption is not always valid. Presently, a substantial fraction of the
DIS measured cross sections place themselves in a region where the heavy quark masses
are not negligible with respect to the scale Q and, a priori, the “standard” factorization
theorem could be questionable. However, in Ref. [12] a general proof of factorization
in DIS including heavy-quark effects to all orders was given, establishing once and for
all the validity of the factorization theorem also in the presence of non-negligible heavy
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+X
Figure 1.1: Deep inelastic charged lepton-hadron scattering.

quark masses. This is indeed the real theoretical foundation of the so-called general
mass factorization schemes extensively discussed in Chapter 2.

In the following a sketchy calculation of the DIS process at next-to-leading-order
(NLO) in QCD focusing on the infrared divergences will be presented. This will serve to
exhibit the need for factorizing out the initial-state collinear divergences into the PDF's.
Such a factorization will in turn result in the appearance of an unphysical factorization
scale and in the DGLAP evolution equation for PDFs.

1.3 DIS in QCD

Consider the scattering of a high-energy charged lepton off a hadron target (typically a
proton) mediated by the exchange of a virtual (space-like) photon, like in Fig. 1.1. The
standard DIS variables commonly used to study this kind of processes are:

Momentum transfer (virtuality): Q*=—¢%,
Target Mass: p? = M?,
Energy transfer: v=q-p = M(E -E), (1.3)
) ] Q2 QQ
Bjorken variable: xr = 2(p . q) = m y
: E'
Fractional energy transfer (inelasticity): Yy = a-p = 1- ok
P

where the energy variables on the r.h.s. of eq. (1.3) refer to the target rest frame and
serve to give an idea of the physical meaning of the respective variables.
As is well known, the cross section for this process can be factored into a leptonic
and a hadronic tensor as:
dgia L, WH (1.4)
drdy X Ly . .
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v

v

Figure 1.2: Pictorial representation of the factorization of the cross section into a leptonic and
a hadronic tensor for a DIS cross section.

This is pictorially illustrated in Fig. 1.2.
The leptonic tensor, assuming photon exchange only, is completely determined by
QED and is equal to:

Ly = ETr[l by = 4€®(kuk), + kuk), — gk - k'), (1.5)

being e the electric charge of the incoming lepton.

The hadronic tensor, instead, cannot be completely determined. However, requir-
ing the current conservation ¢,W#"” = 0 and the hermiticity W#"* = WH#" it can be
parametrized in terms of two real scalar structure functions F; and F5 that contain all
the information about the structure of the hadron as seen by the virtual photon:

W) = (9 - CE) R @] (4 gt ) (4 o) Bl @) (06)

2z

The contraction of the leptonic tensor in eq. (1.5) with the hadronic tensor in eq. (1.6)
gives the scattering cross section in terms of the structure functions F; and F.

The question is how to explicitly explicit expressions for the structure functions F}
and F5. At this point let us assume that QCD is at work, i.e. the proton is made up
of (massless) quarks interacting by means of gluons. This allows to make use of the
factorization theorem [7] that states that the generic structure function F' = F, F» can
be factorized into a low- and a high-energy contribution as follows:

F(z,Q) Z/ dy/ 42 CO(2, Q) £ ()5 (x — y2)

- s [SaGa- g [Lanon() o

Y Gl eff) =) f)e (),

1=q,9 1=q,9
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Figure 1.3: Pictorial representation of the factorization of the hadronic tensor into a long- and
a short- distance contribution.

where ® denotes the Mellin convolution defined as:

f(z) ® g(x) /0 dy /0 dz F(y)g(2)0(x — y2)

- /1dj <y>g(§):/;ff(f)g<z>.

In eq. (1.7) C? are the so-called coefficient functions or Wilson coefficients and embody
the high-energy contributions and thus, thanks to the QCD asymptotic freedom, they
are computable in perturbation theory. The functions f?, instead, are the PDFs and
embody the low-energy contributions. As a consequence, PDFs are non-perturbative
quantities. PDFs do not depend on the process under consideration (DIS in the case),
but rather they are an “intrinsic” characteristic of the hadron (the proton in this case),
while the whole information about the specific process is contained in the coefficient
functions C?. Tt is this universality that the possibility to determine the PDFs of the
proton by fitting different categories of data is based on. Fig. 1.3 represents a pictorial
representation of the factorization formula in eq. (1.7).

The superscript 0 in the quantities appearing on the r.h.s. of eq. (1.7) denotes the fact
that they are “bare” quantities that need to be regularized and eventually renormalized.
In fact, when using the perturbation theory to calculate the coefficient functions C?
beyond LO, the result turns out to be divergent. As is well known, there are two different
categories of divergences appearing in such a calculation: ultraviolet and infrared.

(1.8)

The first category of divergences, the ultraviolet ones, arise from the loop contribu-
tions and therefore they are explicit divergences of the matrix element associated to the
high-energy region. They are treated using the standard procedure, i.e. regularizing the
divergent integrals, typically using the dimensional regularization, and subtracting the
divergences, typically in the MS scheme. This kind of divergences will not be addressed
here and the ultraviolet renormalization will be understood in the following.
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The infrared divergences, instead, are not originally present in the matrix element
but appear only when the integration over the phase-space is performed. Some of the
infrared divergences, also called mass singularities, arise from the fact that partons, i.e.
quarks and gluons, are treated as massless particles. This causes the propagators to
blow up when approaching the small energy region. A natural way to regularize this
kind of divergences would be to assign the massless particle a mass and, after having
subtracted the divergent terms, take the limit of vanishing mass. However, it has been
shown in Ref. [13] that for a non-abelian theory like QCD this leads to a wrong result.
In fact, it was proved that a zero-mass gluon is not the limiting case of a finite-mass
gluon. On the other hand, the use of dimensional regularization also for the treatment of
the infrared divergences does not present any sort of problem and therefore is presently
systematically employed. In the following it will be used to study the structure of the
infrared divergences in DIS.

As already mentioned, the coefficient functions C? can be calculated in perturbation
theory. As a consequence, they admit the following perturbative expansion(!):

2
v = [l g s 2ar® o) o
(1.9)
0+ 2V 10, i=ay,
s

being oy = g2/4m and d® the phase-space element. The expression in eq. (1.9) should
be understood in 4 — 2¢ dimensions with € < 0, so that all the infrared divergences are
regularized and appear as 1/e poles. For simplicity only the case i = ¢ will be considered
here. In Fig. 1.4 a pictorial representation of eq. (1.9) for i = ¢ is also given.

We will consider one by one the diagrams in the bottom of Fig. 1.4, highlighting the
structure of the infrared divergences (if any) [14].

Let us start with the only LO diagram contributing to C’? O 1y this case no infrared
(as well as ultraviolet) divergences appear and thus no regularization is needed at all.
Moreover, the calculation of this diagram is totally equivalent to that for the leptonic
tensor in eq. (1.5) and, for both the structure functions (apart from a factor ), the
result is(?):

C0O(z,Q) = CV(z) =5(1 - 2). (1.10)

Notice that Céo), without the superscript 0, denotes the renormalized (finite) coefficient
function.

Now we consider the order ay coefficient function Cg’(l). To this end, we start
considering the diagram (a) at the bottom of Fig. 1.4. In the case the result is infrared
divergent and the divergent part has the form:

(a) =V(e)CO (@) + -, (1.11)
where dots denote terms which are finite in the limit € — 0, with:
as (4Arp?\° T(1 —e) 2 3

=20p— - - = 1.12

V(e C(F47r < Q? > F'(1—2e) | € €]’ (1.12)

'Note that the strong coupling constant cs in eq. (1.9) has already been renormalized and thus
depends on the renormalization scale ur which is taken to be of the order of Q.
2For simplicity we are assuming that the electric charge of the quarks is equal to one.
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yp

| | | |
| l | l | l |
|
| |
Cgv(l) | + T + T +
| | | |
yp ! yp ! yp ! yp !

Figure 1.4: Pictorial representation of eq. (1.9).

being Cr = % another SU(3) color factor. Notice the appearance of the arbitrary scale
w1 which has been introduced in order to preserve the dimension of the coupling.
Considering the diagram (b) in Fig. 1.4, one finds that the divergent part is equal to:

as (Anp?\© T(1 —e) 1
b) =2Cr— ——(1— cee 1.1
(®) CF47T ( Q? > I'(1—2e) 6( o)+ (1.13)
The diagram (c) instead gives the result:
as (4P T(1 —e) 1 x€
=20p— 2| -+1| ——— S 1.14
(c) =20, ( Q2 ) T(1—20 | “\e™ ) a—mi]" (1.14)
This expression can be manipulated using the expansion [14]:
x* 1 1
—— =—0(1— — 40 1.15

where the so-called plus prescription in the second term on the r.h.s. of eq. (1.15) is
defined in such a way that:

PR (CO M A O (€Y
/Od:c( )+_/0 d : (1.16)

1—=x 1—=x

being f(x) some test function. Therefore, plugging eq. (1.15) into eq. (1.14), one gets:

=20 () M (-t o o
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Finally, considering the diagram (d), one finds:

oo () B [l o

Summing diagrams (b), (¢) and (d), we find:

0+ @+ @ =20pie (M) TD (20 D)oo - L
(1.19)

which can also be written as:

Qs <4w2>6 I'(1—e) 120 [1—1—:132

T\ QY ) T—2¢) ¢ 1—xL+""(1‘20)

where we have used the identity:

14 22 3

M+25(1—x):[

(1.21)

1+x2}
1—=x n

In conclusion, summing egs. (1.11) and (1.20), we have the order a; bare coefficient

(1)

function Cg " is given by:

4\ T(1—¢) 1
0,(1) — M _ K ~ p) 1.99
C2@Q) = Q) - (T ) [P, )
where we have defined: )
1+
P9 (z) =2CF [ = L . (1.23)

On the r.h.s. of eq. (1.22) the function Cgl) is the part of the calculation that remains
finite as ¢ — 0 and that we omitted in the previous calculations. The net result is
that almost all the infrared singularities cancel in the calculation (V(€) disappears),
except a leftover initial-state 1/e singularity of collinear origin. The physical reason
for the missing cancellation stems from the fact that the collinear emission changes the
momentum fraction of the incoming parton that scatters off the virtual photon, causing
a momentum unbalancing that spoils the “inclusivity” of the process.

The bare quark coefficient function up to order ay can be finally written as:

2 €
e, @) = OV ) + S2C (2,Q) - 52 (485 ) Fr((ll_ 266)) PO @) +0(a2) . (1.24)

The same procedure can be applied for the calculation of the gluon coefficient function
appearing in eq. (1.7). In this case, since the gluon does not couple directly to the photon,
this causes the vanishing of the order a? contribution, i.e.:

00 (z,Q) =0, (1.25)
while for the order a, coefficient function one finds:

ArpP " T(1 =) 1
02 ) T2 c w0 @)

00 (@, Q) = O, Q) - ( (1.26)
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where:
P(z) = 2TR [2* + (1 - 2)?] , (1.27)
with T = %, so that:
2 €
0 _ %o _as (Ampm\ T =€) 1,0 2
CeQ) = 10 - 5 (T ) s @06, (129)

Finally, plugging egs. (1.24) and (1.28) into eq. (1.7), one gets:

FeQ) = Y |00+ Lo - & () TUZ 1poq)| o o)
> [ete+ g (o) fi e

2 €
s (1) _ s (At T —¢) 1, 0 2
|mepee - 2 (1) A lp00)] @ o +ola).
(1.29)
The definition of MS renormalized PDFs is:

AP\  T(1—e) 1
") R @ @ fe

130) = o) + 5 (

as (Amp\" T(1—€) 1 (1.30)
477( 1 > F(1—26)2Pq3 (2) @ fylz, 1) + O(aF)

fo(@) = fylz,ur) + Ofas),

where the arbitrary scale u%, called factorization scale, has been introduced. The reason
of the definition in eq. (1.30) is, of course, the subtraction of the poles in eq. (1.29).
However, the finite contributions can be treated arbitrarily. In fact, using the expansion:

1 (4rp®\" T(1—e) 1 (1 2
€< Q’ > T(I—20)¢ <e+1“4”%>+1n@2+0() (1.31)

where vy is the Euler-Mascheroni constant, it is evident that the poles come typically
with finite terms containing a logarithmic contribution. Therefore, plugging the defini-
tions given in eq. (1.30) into eq. (1.29), using the fact that C(SO) ()@ fi(x, pr) = filz, pr)
and finally taking the limit ¢ — 0, one obtains:

20 — () 1 O ) O @ .
F(z,Q) = EQI[CJ)( >+47T( (@,Q) + P ()1 M%ﬂ@fq( 1)
(1.32)
% (o), O ()10 & .
+ = (cg (#,Q) + Pfy(z) In MF)®fg( 1r) +0(a3),

which is the order ay prediction for the structure function F.

Before moving to discuss the scale dependence of PDFs it is worth making some
remarks. First of all we see that the r.h.s. of eq. (1.32) contains logarithms of ur/Q.
If the (arbitrary) factorization scale pp is taken to be very different from @, these
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logarithms become large spoiling the usefulness of perturbation theory, because they
overcome the small coupling ay that each logarithm multiplies. For this reason, the
choice for pp should be such that In(ur/Q) is not large. In particular, very often one
chooses pp = (. Commonly, however, the factorization scale is also varied in the range
Q/2 < pup < 2Q in order to give an estimate of the missing higher-order corrections.

As a second remark, we recall that the naive parton model gave as a prediction the
so-called Bjorken scaling according to which, in the Bjorken limit defined as ) — oo
with z fixed, the structure functions exhibit the scaling law:

F(z,Q) — F(z). (1.33)

In other words, the structure functions are only functions of the Bjorken variable x.
However, as we already mentioned, the naive parton model is equivalent to the LO
approximation of QCD. Considering the NLO corrections to the DIS structure functions,
we obtained eq. (1.32) where, at order , terms proportional to In(Q?/u%) appear. The
presence of such terms violates the scaling law of eq. (1.33), leading to the so-called
Bjorken scaling violation, i.e. an explicit dependence on @) of the structure functions.
In addition, the predicted scaling violation has a peculiar behavior. It can be shown
that the structure functions decrease with increasing ) at large z and increase with
increasing () at small x. The later experimental observation of the scaling violation as
predicted by eq. (1.33) represents one of the most remarkable success of QCD. In Fig. 1.5
the experimental data published by the ZEUS, NMC, BCDMS and E665 experiments
are compared to the NLO QCD predictions [15]: the agreement is excellent.

1.4 The DGLAP Equation

As already stated before, PDFs cannot be determined in perturbation theory and pre-
sently they are extracted from experimental data. However, the way how PDFs evolve
with the factorization scale pp is instead perturbatively predictable. The starting point
is the observation that, by definition, any physical quantity is independent from the
factorization scale pp, and so should be the structure function in eq. (1.32) if all the
perturbative orders were included. Therefore the (logarithmic) derivative of F' with
respect to pp is required to be zero, i.e.:

OF (z,Q) _
m — O. (1.34)

As a consequence, also the derivative of r.h.s. of eq. (1.32) must be zero and this leads
to the equation for the quark PDF:

Ofq(x,pr) o (0)
L fr) 8 E P i(, : L.

A similar equation for the gluon PDF f; can be obtained calculating the order o?

corrections to F' in eq. (1.32) in the gluon-initiated channel. Therefore, one has to
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Figure 1.5: F, versus Q2 for fixed x. Results from ZEUS (points) and the fixed target
(curve) are also displayed [15].

experiments NMC, BCDMS and E665 (triangles) are shown. The NLO QCD predictions

consider the order ay correction for the gluon PDF in eq. (1.30), that reads:
as (4mpP\ T —e) 1
A < /L%‘ > F(1—2€) e 94 (Q?)@fq(l‘,ﬂ)
(1.36)
1
DL @) @ Sy ) + O,

f(@) = folz, pr) +
(1—2€)e 99

4wu2>e INQE

Lo
A u%
2) and Pg(g) can be derived in a similar way as Pq(g) and Pq(g)

where the functions Pé
D @) ® file,ur).

equation for the gluon PDF:
afg (1‘, /-LF) Qs
= — P
Oln p2, 4T i;g g

(

and their explicit form will be given in Chapter 3. This in turn leads to the analogous
(1.37)
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The system of coupled integro-differential equations given in eqgs. (1.35) and (1.37) is
commonly known as Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equation [16,
17, 18]. It should be noticed that Eqgs. (1.35) and (1.37) represent only the LO approxi-
mation of the all-order equation system that reads:

afi(l'qu) _ O‘S(/‘F
Oln 2, 4w

ST Py onu)) © fiane) . i=a.g. (1.38)

J=4.9

where the evolution kernels P;; admit the perturbative expansion:

AsWF) p(1) (py | (1.39)

Pyj(x, as(ur)) = Py (@) + = 2Py

and the functions Rff), commonly called splitting functions, are derived considering
more and more perturbative orders in the definition of renormalized PDF's in eqgs. (1.30)
and (1.37). Presently, the splitting functions have been analytically calculated up to
three loops [16, 19, 20, 21, 22], i.e. the first three terms of the expansion in eq. (1.39)
are known.

The DGLAP equation (1.38) describes the evolution of PDFs with the factorization
scale pup. As any differential equation, to be univocally solved the DGLAP equation
needs some boundary condition. In practice this means that knowing the PDF's at some
initial scale ppg, eq. (1.38) allows to predict how they change from the scale ppg to
any other scale pr. This has a big impact on PDF determination. In fact, thanks to
the DGLAP equation, the dependence on the variable pup of PDFs is known and it is
then sufficient to determine the dependence of PDFs on the Bjorken variable x at some
particular initial scale pipg.

1.5 Recent PDF Determinations

To conclude this chapter, we only mention the main groups that perform PDF fits and
their most recent determinations. A more detailed description regarding the method
used to include heavy quark mass effects is given in Chapter 2, while a quantitative
comparison between PDFs will be given in Chapter 6. Here we limit ourselves to list
the collaborations and give a very brief description of the main features of their most
recent PDF determinations. It is however worth mentioning that there are some main
differences that distinguish the following PDF sets which essentially are: the treatment
of the heavy quark flavour effects, the perturbative order at which PDFs are determined,
the data set included in the fit and the functional form adopted to parametrize PDF's.
In this respect, the choices adopted by the PDF collaborations can give rise in some
cases to relevant quantitative differences.

e The ABM collaboration provides PDF sets at NLO and NNLO based on DIS and
Drell-Yan data. They parametrize six independent PDFs using polynomials for a
total of 25 free parameters and determine the PDF uncertainties by means of the
Hessian method. Their most recent determination is the ABM11 set [23] where
the heavy quark mass effects are included using the fixed-flavour-number scheme.
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The CTEQ/TEA collaboration produces PDF sets at LO, NLO and NNLO using
a global dataset that includes DIS data, Drell-Yan data, collider vector boson pro-
duction data and jet data. They also use polynomials to parametrize 6 independent
PDF's with 26 free parameters in total and determine the PDF errors by means of
the Hessian method. Their most recent determination of the CTEQ collaboration
is the CT10 PDF set [24] where the heavy quark mass effects are included using
the S-ACOT-y general-mass-variable-flavour-number scheme.

The GJR collaboration provides PDF sets at NLO and NNLO based on DIS, Drell-
Yan data and jet data. They have 5 independent polynomial PDFs with 15 free
parameters in total and determine the PDF uncertainties again using the Hessian
method. The JR09 set [25] is their most recent fit and employs the fixed-flavour-
number scheme.

The HERAPDF collaboration produces PDF sets at NLO and NNLO which are
based only on HERA DIS data. The HERAPDF fits are performed using the
Hessian method and assuming 5 independent polynomial PDFs and 14 free pa-
rameters. Their last release is the HERAPDF1.5 fit [26, 27] which employs the
TR general-mass-variable-flavour-number scheme.

The MSTW collaboration produces PDF sets at LO, NLO and NNLO using a
global dataset that includes DIS data, Drell-Yan data, collider vector boson pro-
duction data and jet data. They fit 7 independent PDFs, again using polynomials,
for a total of 20 free parameters using the Hessian method. Their most recent de-
termination is MSTWOS set [28] which is based on the TR general-mass-variable-
flavour-number scheme.

The NNPDF collaboration, finally, provides LO, NLO and NNLO PDF sets based
on a global dataset like the MSTW and the CTEQ collaborations but, at present,
it is the only collaboration that includes the most recent vector boson production
data and jet data published by the LHC experiments. The NNPDF collaboration
parametrizes 7 PDFs at the initial scale using neural networks, for a total of 259
free parameters while the errors are determined using the Monte Carlo sampling
method (see Chapter 5). The most up to date release is the NNPDF2.3 set [29]
which is based on the FONLL general-mass-variable-flavour-number scheme.
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Chapter 2

Treatment of Heavy Flavours

Interest in the inclusion the effects of heavy flavours in DIS structure functions was
revived by the discovery [30] that different treatments of mass-suppressed terms in global
parton fits can affect predictions for the total W and Z production at the LHC by almost
10%.

A technique for the inclusion of these mass-suppressed contributions to structure
functions was developed long ago [12, 31], based upon a renormalization scheme with
explicit heavy quark decoupling [32]. Several variants of this method (usually called
ACOT after Aivazis, Collins, Olness and Tung) were subsequently proposed, such as
S-ACOT [33] and ACOT-x [34, 35]. The ACOT method is presently used by the CTEQ
collaboration since 2007 when the CTEQ6.5 set [36] was made public.

An alternative method (sometimes called TR after Thorne and Roberts) has also been
advocated [37, 38] and used for all MRST parton fits until 2004 [39, 40, 41, 42]. However,
the methods used by the CTEQ [30] and MRST/MSTW [28, 36] groups for their current
parton fits, based respectively on the ACOT [12, 31] and TR’ [43] procedures, have
adopted at least in part a common framework. They have been compared in Refs. [44, 45],
thereby elucidating differences and common aspects.

A somewhat different technique for the inclusion of heavy-quark-mass effects, the so-
called FONLL method (which stands for fixed-order next-to-leading log), was introduced
in Ref. [46] in the context of hadro-production of heavy quarks. The FONLL method
only relies on standard QCD factorization and calculations with massive quarks in the
decoupling scheme of Ref. [32] and with massless quarks in the MS scheme. The name
FONLL is motivated by the fact that the method was originally used to combine a
fixed (second) order (FO) calculation with a next-to-leading-log (NLL) one. However,
the method is entirely general and can be used to combine consistently a fixed-order
with a resummed calculations to any order. The application of the FONLL scheme to
DIS structure functions was presented in Ref. [47] and is presently used by the NNPDF
collaboration.

It is also worth mentioning that there exists another method, usually referred to as
BMSN prescription [48, 49] (after Buza, Matiounine, Smith and van Neerven), that re-
sembles quite closely the FONLL method. The main differences, however, will be briefly
mentioned in Sec. 2.5. The BMSN has been employed in the ABKMO09 analysis [50] but
has been abandoned in favor of a purely fixed-order approach in the more recent ABM11
analysis [23].
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In this chapter we will give a detailed overview of the techniques described above and
used to include heavy quark masses to the DIS structure functions, with some emphasis
on the FONLL method. This will serve as a theoretical background for the next chapter
where the implementation of the FONLL method will be described in detail. A numerical
benchmark of these methods (except the BMSN scheme) has been recently presented in
Ref. [51].

2.1 FFNS and VFNS

In order to explain how the inclusion of heavy quark mass effects works in DIS, we
consider a general lepton-hadron process:

li(p1) + N(P) = l2(p2) + H(pm) + X(Px), (2.1)

at the lowest order in the electro-weak interactions, as depicted in Fig. 2.1, and where
we require a heavy quark H of momentum p’; and mass My in the final state(!). This

P2
p1 /

Figure 2.1: Lepton Hadron production amplitude for a heavy quark.

process takes place by the exchange of a vector boson B = v, W, Z having momentum gq.
As already shown in Chapter 1, the differential cross section of this process can be
factorized as follows:
o (2.2)
dxdy H ’ '
where L, is the leptonic tensor given in eq. (1.5) and W is the hadronic tensor that

here we write in the more general form:

1
WH = > (P pu, Px)(2m) 60 (P + g — pu — Px)(Px,pul JT|P), - (2.3)

!The requirement of having a heavy quark in the final state is the way heavy quark structure functions
are experimentally measured. Nonetheless, this definition, when considering higher-order corrections, is
infrared unsafe, thus perturbative calculations are usually carried out using a different definition of heavy
quark structure function. This issue, anyhow, appears only at higher orders and it is irrelevant for the
qualitative description of the mass schemes which follows. We will instead return on this in Chapter 3
where the implementation of the FONLL method up to order o will be considered.
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where 3 denotes a sum over all hadronic states containing the final-state quark H of
momentum py and the average over the incoming helicity states.

The factorization theorem asserts that, to the leading power in 1/Q? (leading twist),
the hadronic tensor can be factorized as:

W'wj(x’ Q, MH) = ngw(x7 Q, MH,OCS(,U)) ® fl(xa M) ) (24)

where the short notation ® denotes the Mellin convolution already defined in eq. (1.7).
We recall here that f; and w!” are the PDFs and coefficient functions, respectively.
Moreover, for simplicity renormalization and the factorization scales have been set to
KR = pF = [

In the presence of non-zero masses, the helicity amplitudes provide the simplest con-
nection between the physical (scalar) structure functions and the corresponding parton-
level quantities w!”. Projecting out the helicity components of the hadronic tensor,
eq. (2.4) reads:

WA=>"w}e f;, (2.5)
where:

WA =V (q, YW eM (g, P) and w} = M (g, k)wleM (g, k),  (2.6)

being el(,/\) (g,r) the polarization vector of the vector boson with momentum ¢ and helicity

A = 4,0, — defined with respect to the reference vector r. The more familiar structure
functions Fy, Fy and F3 are then given by a linear combination of the helicity structure
functions according to the following relations (cf. Appendix B of [52]):

1 2
Her_ H / H
1 2
W‘:F1H+§\/1+Q—2F§H (2.7)
v

1 Q?
0 H H
wo=_F — 1+ 2 R,
1+2x(+y2> )

In addition, the longitudinal structure function F,—f{ is defined in terms of the structure
functions Ff! and F as:

FH =l _ ol (2.8)
From now on, we will only refer to the heavy quark structure functions FkH . Moreover,

in order to avoid unnecessary complications arising from higher-order corrections, we
will work only with expressions up to order ags. Using these simplifications, the DIS
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heavy quark structure functions reduce to the following factorization formula(?):

kH(x7Q’MH) = Z Ck’z‘(l’,Q,MH,OZS(,UJ)) ®fZ(IE,,U,)
i=g,H,H
(2.9)
Qs 1
Clgl){ fg—i_ﬂ Zicis;,i)@fiy
i=g,H,H

where C,i]i) are the coefficient functions and f; = fu + fz- Notice that the sum runs
only over the gluon and the heavy quark PDFs. In fact, limiting ourselves to order as,
the only graphs that contribute to the heavy quark structure functions are either gluon-
initiated or heavy quark-initiated graphs. Moreover, since no gluon-initiated graph is
present at LO, we have explicitly set to zero the order o gluon coefficient function in
the second line of eq. (2.9).

One possibility to calculate the coefficient functions C; U ) is to set to zero the masses of
the internal lines and external partons in graphs for the partomc subprocesses. This way,
the calculation presents infrared (IR) divergences that are usually regularized using the
dimensional regularization and subtracted in the MS scheme (see Chapter 1), obtaining
the structure functions in the zero-mass (ZM) scheme:

F:I’ZM(&“,Q) _ Z CZM (x,Q,as(p) @ filx, 1)

i=g,H,H
(2.10)

_ ®fH+7 Z CZM(I ®fi-
i=g,H,H

where and C 2M,0) are the ZM MS coefficient functions. The IR singularities arising
from setting M 7 = 0 in the coefficient functions reflect the presence of large collinear
logarithms of the kind In(Q/Mp) and the natural way to resum these contributions
is to reabsorb them into the heavy quark PDFs fy and fz which, as a consequence,
start evolving according to the standard DGLAP evolution equation as discussed in
Chapter 1. Of course, this scheme does not depend explicitly on the value of the heavy
quark mass My, however both coefficient functions and DGLAP evolution will depend
on the number of active (i.e. massless) flavours, which we take to be (N + 1), and
only the lightest (N + 1) flavours and the gluon will have an associated PDF, while the
remaining heavy flavour PDFs will be identically zero. As a consequence, there will be
as many such schemes as there are flavours. Of course, the lightest flavours up, down
and strange will always be considered massless. Therefore eq. (2.10) can be written in
the ZM 3-flavour scheme, where the number of active flavours entering the coefficient
functions and the DGLAP evolution equation is three and only up, down and strange
have a non-vanishing PDF, or in the ZM 4-flavour scheme, where the number of active
flavours entering the coefficient functions and the DGLAP evolution equation is now
four and up, down, strange and charm have a non-vanishing PDF, and so on.

2Here and for the rest of this chapter an overall factor e%, being ey the electric charge of the heavy
quark H, in understood in the definition of the structure functions as a convolution between coefficient
functions and PDFs. In addition in the case of FJ! also a factor z is understood.
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Although schemes with different numbers of active flavours come from different renor-
malization and factorization procedures, the relation between them is just a matter of
a transformation between different schemes and can be calculated order by order in «s.
The corresponding matching conditions are presently known up to O(a?) [48] and such
conditions allow to match the ZM N-flavour with the (N + 1)-flavour scheme at any
given scale fipaccn. For a question of naturalness, fin.cn 1S usually taken to be the mass
of the (N + 1)-th flavour My (3). In practice, the matching can be done in such a way
that if Q < M. eq. (2.4) is evaluated in the ZM 3-flavour scheme, if M, < @Q < M, the
ZM 4-flavour scheme is used, and so on. This defines the so-called ZM Variable-Flavour-
Number Scheme (ZM-VFNS).

The ZM-VENS works well if the scale @ is sufficiently distant from any heavy quark
mass threshold. When, instead, () ~ My this approach turns out not to be accurate
because it neglects potentially large contributions proportional to powers of Mgy /@ in
the coefficient functions.

Alternatively to the ZM scheme, one can retain the full dependence on the heavy
quark mass My in the calculation of C}; in eq. (2.9). The presence of the mass My
provides a natural regulator for the IR collinear divergences which, therefore, do not
need to be resummed requiring the DGLAP evolution for the heavy quark PDF f;.

However, this approach gives rise to terms proportional to In(Q/Mpr) in the coeffi-
cient functions which blow up either if Q < My or if Q > Mpy. Particularly in the
limit @ < Mz, these logarithms prevent the desirable decoupling of the heavy flavour
H. The natural solution to this problem is provided by the so-called Collins-Wilczek-Zee
(CWZ) method [32]. Assuming that H is the (N + 1)-th flavour (e.g., if H is the charm,
N = 3), the CWZ prescription is very simple: for Q) < My switch to the ZM N-flavour
scheme. This method has the following advantages: satisfies manifest decoupling of the
(N +1)-th flavour, the evolution equations for as; and PDF's are the same for QCD with
N flavours with pure MS subtraction, the parton distribution of the (N 4 1)-th flavour
is identically zero and the quark mass My only appears in the coefficient functions for
Q> My.

The procedure described above is called Fixed Flavour Number Scheme (FFNS) and
in practice in this scheme one sets at the beginning the number of active flavours to
N and keeps the contributions due to the mass of the (N + 1)-th flavour only in the
coefficient functions for scales above the heavy quark mass threshold. In the FFNS,
given that the heavy quark PDFs are identically zero, the structure functions look like

this:

Os
B @, QuMa) = O @, Q Ma) @ Sy ). (2.11)

Of course, using the CWZ prescription one can define a FFNS for any number of active
flavours: the 3-flavour FFNS where up, down and strange are the only active flavours
but with the charm mass contributions in the coefficient functions, the 4-flavour FFNS
where now up, down, strange and charm are the active flavours and with the bottom
mass contributions in the coefficient function, and so on.

3This choice is somehow arbitrary but it simplifies substantially the matching conditions because all
the terms proportional to powers of In(umatch /Mp) vanish. Accidentally, with this choice the matching
is continuous up to order as, meaning that as and PDFs are equal in pimaten = My when switching from
the N-flavour to the (N + 1)-flavour scheme. Unfortunately, this is no longer true at order a?.
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The CWZ prescription, however, does not solve the problems for @) > M. Therefore
the FFNS turns out to be accurate for scales @ of the order or below My but, due to
the presence of unresummed large logarithms In(My/Q), it becomes unreliable when
Q> My.

The ZM-VENS and the FFNS are therefore two distinct mass schemes that are
accurate in two complementary energy regions: @ > My and @ < My, respectively.

What is actually needed then is a mass scheme able to interpolate smoothly between
the FFNS for Q < My and the ZM-VENS for Q > Mp. As we will see, there are several
prescriptions that achieve this goal and they are commonly referred to as General-Mass
Variable-Flavour-Number Schemes (GM-VFENS). In the following a description of such
schemes, along with their possible variants, will be given.

2.2 The ACOT Method

The ACOT scheme [31, 52|, used by the CTEQ collaboration, provides a framework to
incorporate the heavy quark mass effects into the theoretical calculation of heavy quark
production. This is built upon the CWZ renormalization procedure [32] which provides
a formal foundation for the ACOT scheme which is valid to all orders.

As already explained in Sec. 2.1, the CWZ renormalization yields manifest decoupling
of the heavy quarks in the @ < My limit. In addition, in 1998 Collins [12] extended
the factorization theorem to address the case of heavy quarks ensuring that heavy quark
processes can be computed to all orders. Based on these ingredients, the ACOT scheme
yields the complete quark mass dependence from the low- to high-energy regime: for
() < My it ensures manifest decoupling behaving like the FFNS, and in the limit
Q) > Mp it reduces precisely to the ZM-VFNS.

To describe the ACOT method in more details, we will focus on the relation between
the ACOT coefficient functions C}, COT( ) and the coefficient functions C,(fl) appearing
in eq. (2.9) that come from a stralght calculation of the DIS heavy quark production
amplitude retaining the heavy quark mass Mpy. The basic relation is established by
applying the factorization formula at the parton amplitude level. This provides the
definition for the ACOT coefficient functions:

= > T ey, (2.12)
j=9,H.H

where the functions I'j;, which admit the following perturbative expansion:

Cae) = (1 =) + S Ty P00 + O, (2.13)

where PJ(z ), the LO splitting functions introduced in Chapter 1, account for the splitting

of the incoming partons. Notice that the logarithm In(Q*/M%) in eq. (2.13) embodies
the collinear divergence in the limit @) > M. At the same time we have the expansion:

O™ (@) = 05+ RO @ + 0, (214
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with CACOT ( ) = 0, given that at order o the gluon does not couple to the photon.
Pluggmg egs. (2.13) nd (2.14) into eq. (2.12) we get:

Cri =CY+ %C,S} +0(a?)

(2.15)
C;:(Z}OT (0) Z CACOT ® ng + C;:;OT’(U + O(az) 7

so that:
C;:EOT,(O) _ CIS;O') , (2.16)

3

consistent with the fact that C’,(Coi) comes from a tree level diagram and therefore does
not contain any collinear divergence, while:

opsemt = Z oo Py (2.17)

Gathering everything, the ACOT coefficient functions are given by:

2
cpem = ¢ + ZL; c) —In % S e P | +0(a?), (2.18)
H

so that the order o heavy quark structure structure functions take the form:

H, 0 Qg 0 ©
F, ACOT:C}E,;{@’JCE T kH_l QZCJEJ) H) ® fi

(2.19)

41

2
(1) Q T ©0) o p(0)
+7 Ckvg_ln@ . de ®Pj79 ®fg
J

Eq. (2.19) is the master formula for heavy quark structure functions in the ACOT
scheme and Fig. 2.2 is its pictorial representation.

This scheme contains all the ingredients of a consistent QCD theory of heavy quark
production over a wide range of energy scales. In particular, if the initial-state quark
is massive and the energy scale @ is of the same order of its mass My, the terms
proportional to In(Q?/M#%) (subtraction terms) in eq. (2.19) vanish. Moreover, applying
the CWZ prescription, the PDF f; is either identically zero or very small for Q < M,
thus the result is: o 0

H,AcOT s ~FF,(1
O it 1O 220
i.e. dominance of the gluon-fusion mechanism which reproduces the usual picture of
heavy quark production in the FFNS.

On the other hand, if either H is a usual light quark (i.e., My ~ 0) or H is massive

but @ > My, the subtraction terms become large (colhnear divergence), hence the
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|+ O(as)

i
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Figure 2.2: Graphical representation of the master equation eq. (2.19) for the helicity structure
functions.

collinear divergences of the terms in brackets in eq. (2.19) cancel leaving only a correction
term of order o with no large logarithmic factors. This way, we obtain:

Qs

H,AcoT
" —=
4

1,(0
LY

-~ (@0 g e Vg gy (221)

which reproduces the ZM-VFENS, appropriate for energies much higher than all masses.

In conclusion, eq. (2.19) provides a smooth interpolation between FFNS and ZM-
VFENS, and contains both as special cases.

As an example, in Fig. 2.3 we show the order o, heavy quark structure function Fy
as a function of the energy @ calculated in the ZM-VENS, FFNS, ACOT and S-ACOT
schemes (see Sec. 2.2.1). We see that the ACOT scheme coincides with the FFNS for
small values of @ and tends to the ZM-VFENS for large values of Q.

2.2.1 The S-ACOT Variant

In the application of the ACOT method, it was observed that the heavy quark mass
could be set to zero in certain pieces of the hard scattering terms without any loss of
accuracy. This modification of the ACOT scheme goes by the name Simplified-ACOT
(S-ACOT) and can be summarized as follows [33]: for hard-scattering processes with
mcoming heavy quarks or with internal on-shell cuts on a heavy quark line, the heavy
quark mass can be set to zero (Mg = 0) for these pieces.
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Figure 2.3: Fy for x = 0.1 for order ag DIS heavy quark production as a function of the energy
Q. We display calculations using the schemes ACOT, S-ACOT, FFNS and ZM-VFNS [53].

Considering the order ag DIS heavy quark production, this prescription states that
one can set My = 0 for the order a? and for the heavy quark-initiated terms of the
order ag contributions (first two terms on the r.h.s. of eq. (2.19)), and for the subtraction
terms (on-shell cut on an internal heavy quark line, third and fifth terms on the r.h.s. of
eq. (2.19)). Hence, the only contribution which requires a calculation for finite values
of My is the order ay gluon coefficient function(?). Fig. 2.3 displays a comparison of a
calculation using the plain ACOT scheme with the S-ACOT scheme. As expected, these
two results match throughout the full kinematic region.

It is important to notice that the S-ACOT scheme is not an approximation, this is an
exact renormalization scheme extensible to all orders. On the other hand, the S-ACOT
prescription has the advantage of being more straightforward to state and simpler to
implement than the plain ACOT method.

2.2.2 The ACOT-y Variant

A crucial point of any GM-VFNS and more in particular of the ACOT method is that
the appearance of the mass M has both a dynamical origin, in the coefficient functions,
and a kinematic origin in the phase space of the process. In fact, for a process where
one or more heavy quarks are present in the final state, any convolution between PDF's
and coeflicient functions should be correctly written as:

La
Criwfi= [ B, @,MH,Q,as(u)) Fily ). (2.22)
X

4The S-ACOT prescription is not to be taken literally. In fact, the procedure described above would
lead to logarithmic divergences when setting My to zero in the subtraction terms. This, of course, is
not the way the S-ACOT proceeds. Perhaps, a more comprehensible way to understand the S-ACOT
prescription could be seen in terms “relocation” of the power terms of the form My /Q. As stated in [33],
essentially one has the freedom to move all the power suppressed terms of the kind My /Q from the quark
to the gluon coefficient function and afterwards apply the limit My — 0 in the remaining terms, making
sure that appropriate cancellation of logarithmic divergent terms takes place.
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where x takes into account the reduction of the phase space of the final state due to heavy
quarks having mass Mpg. In particular, if n heavy quarks of mass My are produced in the
final state, by requiring that the partonic invariant mass W? = Q?(1 —x)/x > (n My)?,
one finds that the lower kinematic bound is given by:

1+ <ngH>2] . (2.23)

This was the original idea behind the slow-rescaling prescription of Ref. [54], which
considered DIS charm production (e.g. yc¢ — ¢) introducing the shift x — x = z[1 +
(M./Q)?)

The generalization of this prescription is implemented in the variant of the ACOT
scheme called ACOT-y that accounts for the charm quark mass by effectively reducing
the phase space for the final state relative to the lighter quarks by an amount proportional
to (M./Q)?.

More details on this scheme can be found in Ref. [53], where it was shown that (up
to order «y) the phase space mass dependence is generally the dominant contribution
with respect to the dynamical dependence to the DIS heavy quark structure functions.

As a last remark, we point out that the S-ACOT and the ACOT-x schemes are not
incompatible and can be combined into the so-called S-ACOT-y scheme.

X=

2.3 The TR Method

The TR scheme, presently used by the MSTW collaboration, was introduced in Refs. [37,
38| as an alternative to the ACOT scheme [31] with more emphasis on correct threshold
behavior of the structure functions.

Like ACOT, the TR scheme is based on the existence of two different regions sepa-
rated by a transition point, chosen by default to be the heavy quark mass M. Below
this point a heavy quark is not an active parton but is generated in the final state us-
ing the FFNS coefficient functions, while above this point the heavy quark becomes a
new parton, evolving according to the massless evolution equations, and the structure
functions are obtained using the GM-VFNS coefficient functions which must tend to the
correct ZM-VFNS limits as () > Mp, up to possibly higher-order corrections.

Apart from these similarities, the basic difference, and somehow the improvement
with respect to the ACOT method, is the demand of a smooth transition when crossing
the heavy quark mass thresholds. In fact, when crossing the threshold @ = My the
ACOT scheme leads to an abrupt rise of the heavy quark structure functions, which
is in contrast with the smooth behavior required physically. In particular, though the
structure function itself is continuous at the threshold, its derivative is not.

In order to better reflect the true physics around the heavy quark thresholds, the
TR scheme imposes the continuity of the derivative of the structure functions at the
thresholds.

Assuming that the structure function in the TR scheme admits the perturbative
expansion:

R =@ et (G e i+ oV e g 4 0@),  (229)
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the aim is to determine the coefficient functions C,j?’(i) in such a way that eq. (2.24)

extrapolates smoothly from the FFNS at low @ to the ZM-VFNS at high @ with a
smooth transition at the heavy quark threshold Mp.

First of all, the equivalence of the structure function in the TR scheme F ,f TR with
that in the FENS F/"™ in eq. (2.11) for Q < My is required. However, in the FFNS
the flavour H is not active while the TR scheme it is. Therefore, before equating the two
structure functions, one needs to express the PDFs in eq. (2.24) in terms of the PDFs
in eq. (2.11) and this can be done using the matching conditions evaluated in Ref. [48]
and that we report here up to order asg:

2
Q) = e iH PP e Q)
(2.25)
(N+1) I Q1 v
Q) = 1+ 2] V60,

where the upper index in the gluon PDF (N) or (N +1) denotes the factorization scheme,
i.e. the number of active flavours. Therefore, plugging eq. (2.25) into eq. (2.24), retaining
the terms up order g and equating it to eq. (2.11), we obtain the relation:

2
i e Py

FF,(1)  ~TR,(1)
C = Ck-,g +1n M7H q9 >

o (2.26)

connecting the gluon coefficient functions in the FENS and in the TR scheme. Eq. (2.26),
rearranged as:

2
g — g ( Q ) PO @ pO (2.27)

k,g MI2{ qg9 >

(1) (0) (1)

can be read as the iterative definition of C’;f;’ in terms C,?Fg{’ . Any choice of C]? l;’

and C’,jl;’(o) satisfying eq. (2.26) is equally correct. Therefore it is possible to use this

freedom(®) to choose C,SI;’(O) in such a way that the transition of the structure function
at the heavy quark threshold M g is smooth.

To this end, we take the derivative with respect respect to In Q? of the LO term of
eq. (2.24) obtaining;:

dF]f,TR B dcl;fyl}}(o)
dln@Q?  dlnQ?

g ,(0
@l + O @ (P e fi+ P o fo) +. (228)
where we used the DGLAP equation for fg which reads:

df+ Qg
dlnféy = (Pq(f;) ® ff + P9 & fg) : (2.29)

The derivative of the heavy quark structure function in the FFENS in eq. (2.11) instead
is:
dF" %dcfg’“) ®Ff (2.30)
dlnQ@Q? 47 dlnQ? g7 ’

This is exactly the same freedom that allowed to define SSACOT from the ACOT scheme.
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where we have omitted the order a2 terms coming from the derivative of the gluon parton
density f,.

In order to have a smooth transition at the heavy quark threshold, the TR method
requires that:

H, TR
dF,
dIn Q2

@ Q

_dFT
T dlnQ?

=M H

(2.31)

Q=Mpg

The choice of the matching threshold ) = My leads to a further simplification in
eq. (2.28). In fact, using eq. (2.25), we find that fg(:v,MH) = 0 and finally we have
that:

FF,(1)

C ()®P(0): kg

Firve (2.32)

Q=Mpg

This relations allows to achieve the required smooth transition at the heavy quark thresh-
old. Generalizing eq. (2.32) to be the definition of C,ipﬁ(o) for all @, identifies the TR
scheme at LO.

From a phenomenological point of view, eq. (2.32) guarantees a smooth passage for
the heavy quark structur?l)function from Q < My to Q > Mpy. Moreover, taking the

explicit derivative of C,Sz in the limit () — oo one easily finds that:
Fr,(1)
dck’g

Hence, from eq. (2.32), we see that C;F;}(O)

this way the correct ZM limit.

must indeed tend to §(1 — z) reproducing

Furthermore, since C,S;’(l) contains the factor (W? —4M%), that ensures the correct
threshold behavior, so does its derivative and in turn also C), P};,(O). Using eq. (2.32), then,

guarantees the correct threshold behavior for F} AR ot LO.

Moreover, once C) - (0) is known, eq. (2.27) allows to calculate C’,fl;’(l) that again,

due to the presence of the f-function in both terms on the r.h.s., has the same threshold

behavior as C o (1)

Finally, using the explicit form of C’;Z’(l)

CTR’(I) does indeed tend to the correct asymptotic ZM MS limit.

, it is easy to check that in the limit @) — oo,

In order to obtain the full order o structure function FH "

(1)

, only the coefficient

function Ck 4 s missing. This contribution, though very small, requires the extension

of FH " and of the matching conditions in eq. (2.25) to order a2 and again C ( ) is
determlned by imposing the continuity in the gluon sector. The detaﬂs of the calculatlon
are extensively worked out in Ref. [37].

In Fig. 2.4 the LO calculation for Fy in the TR scheme for two values of z is shown. It
is evident that also the TR scheme, like the ACOT scheme, ensures a smooth transition
from the description at low @ in terms of the FFNS to high @ in terms of the ZM-VFNS.
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Figure 2.4: Fy for x = 0.05 and x = 0.005 calculated using the TR prescription at LO. Also
shown are the LO FFNS and ZM-VFNS expressions [38].

2.3.1 The TR’ Variant

The pure TR method, as described in the previous section, was used in the global analyses
up to MRST 2004 [42]. However, it results in expressions which become increasingly more
and more complicated at higher orders. Moreover, as clear from Fig. 2.4, it overshoots
the ZM-VENS before approaching it asymptotically from above. Here the need for a
mass scheme that had the same threshold behavior as the TR scheme but simpler and
more well-behaved in the central region.

In Ref. [34] the correct threshold behavior was already achieved simply by replacing
the lower limit z of convolution integrals with the rescaled variable x = z(1+4M%/Q?).
If the heavy flavour coefficient functions are just the ZM ones, with this restriction,
one obtains the ACOT-y scheme. A very similar definition for heavy flavour coefficient
functions was then adopted in Ref. [43], resulting in the TR’ scheme, and extended
explicitly to NNLO. The TR’ scheme was first used in the MRST 2006 analysis [36] and
for all the subsequent MSTW analyses.

The basic point of the TR’ scheme is the requirement that the following relation for
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the quark coefficient functions holds at any order(%):

Q2

G " (Q/Mi,2) = O™ @/ nas) - Bone = Gy

(2.34)
This way, the TR’ coefficient functions tend to the standard ZM-VFNS coefficient func-
tions in the limit Q > My but respect the threshold requirement W?2 > 4M1%1 for heavy
pair production.

Adopting this convention for the quark coefficient functions, one can easily derive the
gluon coefficient functions using the usual matching conditions. In particular eq. (2.27)

5

to derive the order ag gluon coefficient function C’;? 2 knowing the a? quark coefficient

function C,jrz,’(o).

In the TR/ TR’ schemes there is an ambiguity stemming from the fact that ZM-
VFNS and FFNS expressions for F{! in egs. (2.10) and (2.11) have a different absolute
perturbative ordering. Indeed the LO of the former is order o while the LO of the latter
is order ;. Since any GM-VFENS interpolates between the two, there are two possible
choices. One could simply adopt the absolute ordering, i.e. the same power of ag, above
and below the transition point Q = Mpyg. But at order ay this would mean to use the
LO expression for the FFNS contribution and the NLO for the ZM-VEFNS contribution.
In the TR/TR’ schemes instead adopt a relative ordering where LO FFNS goes with LO
ZM-VENS, NLO FENS goes with NLO ZM-VFNS and so on. The problem here is that
at NNLO this requires the knowledge of the order a? FFNS coefficient functions which
have not been calculated yet. In the MSTW NNLO analyses, however, the small-z and
threshold limits are employed to this purpose [43].

2.4 The FONLL Method

The FONLL scheme was first introduced in the context of heavy flavour (bottom) hadro-
production in Ref. [46]. It is based upon the idea of looking at both the massless and
massive scheme calculations as power expansions in the strong coupling constant asg,
and replacing the coefficients of the expansion in the former with their exact massive
counterparts in the latter, when available. The FONLL method has been subsequently
applied to DIS in Ref. [47].

The FONLL method is presently implemented in the NNPDF analyses since 2011.
The first set to implement it was the NNPDF2.1 set at NLO presented in Ref. [55], which
was at a later stage extended to NNLO in Ref. [56]. The implementation of the FONLL
method up to NNLO in the NNPDF framework is the central topic of this thesis and in
Chapter 3 a detailed description of the method will be given. In this chapter, instead,
we limit ourselves to a general introduction.

Exactly like the other GM-VFNS presented above, also the FONLL method is in-
tended to provide a framework capable to be accurate over a wide range of energies.
But differently from ACOT and TR, the FONLL method is simply based on the idea
of combining the FFNS with the ZM-VFNS and subtracting the double counting terms
between the two order by order in the expansion in powers of o, and In(Q?/M%). In

5This relation is strictly valid only for FY, while for F it becomes a proportionally relation due to
requirement that F& is zero at Q = Mpy.
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practice, starting from the oy expansion of ZM-VFNS expression, one replaces all the
terms whose mass dependence is known with their exact massive expression.

Let us now see explicitly how the FONLL scheme works in the case of the heavy
quark structure functions F; kH [47]. Again the starting point are the structure functions
in the FFNS and in the ZM-VFENS. Given that in Chapter 3 we will work out the full
expressions of the FONLL scheme to NNLO, in the following we will not limit ourselves
to order ay as we did to illustrate the ACOT and the TR schemes. As a consequence,
eqs. (2.10) and (2.11) will need to be generalized to order a. At order a? it is no longer
true that only the gluon and the heavy quark H contribute to the structure function
F,f , but also the light quark-initiated channels open up(”). Furthermore, the matching
conditions to splice schemes having different number of active flavours are necessarily
discontinuous at order a2, meaning that even performing the match at Q = My, both
as and PDFs present a step in the matching point.

For the sake of simplicity, for the rest of the discussion we will assume N light flavours
q and one single heavy flavour H having mass Mp. Moreover, we take the factorization
and the renormalization scales pup and pug equal to each other and to the transferred
energy @, i.e. pp = pig = p1 = Q.

Under these assumptions, we can write in a more general form the structure functions

in the ZM-VFNS as:
FM@Q) = Y O, aM@)) e 17V (@,Q). (2.35)

i=g,q,q,H,H

Notice that in eq. (2.35) the sum runs over gluon, light and heavy flavours and the
number of active flavours is explicitly shown in «y and in the PDFs. Here, indeed, the
heavy quarks are treated on the same footing as the light flavours and as and PDFs
satisfy the standard evolution equations with (N + 1) flavours.

The expression for the structure functions in the FFNS is instead given by:

Fi Q)= Y o <x

1=9,9,9

Tz, agf“(Q)) o 1M, Q). (2.36)
Here the sum runs only over gluon and light flavours and the number of active flavours
in the oy and PDFs is equal to V.

We recall here that the ZM coefficient functions C7' in eq. (2.35) at any given order
k in a4 are obtained by setting explicitly My = 0 in the calculation and the arising
IR singularities are subtracted in the MS scheme. This is equivalent to resumming the
logarithmic terms o In(Q/Mp) up to NFLL.

The FENS coefficient functions C}" in eq. (2.36), instead, are obtained retaining the
full dependence on My which in turn works as a regulator for the IR singularities. This
is a pure N*LO fixed order calculation. Furthermore, in order to ensure the decoupling
of the heavy flavour H, only N active flavours are present.

In order to work out the FONLL method, we first need to express the structure

functions in the FENS in eq. (2.36) in terms of agN—H) and fi(NH) for i # H, H. Exactly

"This complication, apart from making the implementation much more involved, also causes an
ambiguity in the definition of heavy quark structure function which is absent up to order as. We will
return on this issues in Chapter 3.
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like in the TR scheme, this is done using the matching conditions for as and PDFs
reported in Refs. [57] and [48], respectively. In general, they have the form:

P
Q) = M |1+ all) [agNR@)}'“]
k=1
(2.37)
Q) = £V Q)
P
© (65500 —x) + 3 [l >]’“ S EP @),
k=1 J=9:4:q
where i, = ¢,q,q, H, H and:
_,asUQ) AJH
==, L= <Q> (2.38)

Both the coefficients ¢x(L) and the functions K Z-(f) (z, L) are polynomials in L and they
have the general form:

k
(L) = ) bL"
i (2.39)

k
EP(,L) = Y ¢ @)L
n=0
(N)

Inverting both the equations in eq. (2.37), in such a way to express a ’ in terms of

ongH) and fi(N) in terms of fi(NH), and plugging the result into eq. (2.36), one obtains

the expression for Fk{{ " in terms of a&NH) and fi(NH):

F Q)= Y B (x,ﬂglaagf“”(@))®f§N“><w,Q>, (2.40)
1=9,4,9

where the coefficient functions B,SF are such that, substituting the matching conditions
given in eq. (2.37) into eq. (2.40), one gets back the original express1on in eq. (2.36) u
to subleading terms. The expression given in eq. (2.40) for F " allows one to avoid

any further reference to agN) and fi(N)

In order to match the two expressions for Ff1 in the ZM-VFNS, eq. (2.35), and in
the FFNS, eq. (2.40), we need to work out the perturbative expansion of the respective
coefficient functions.

In the ZM-VFNS at order NLO (or better to say NPLL) we have that:

P
CPY (N TV(Q)) = [agN+1) (Q)} P mn) ()

N2

[e=]

bS]

(2.41)

- Y @] L A @)

p=0 7=0
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where the resummation of the logarithms L is embedded in the infinite series in j in the
second line of eq. (2.41). Ordering the powers of ag, eq. (2.41) can be rearranged in the
following way:

lej\él(xaagN+l)(Q)) = i [agN‘H }piA(p 3.3)

—0 — ’
r 7= (2.42)

L0 ([agN+1)<Q)]P+1> '

The massive FFNS coefficient functions B};E, instead, admit a fixed order expansion
of the form:

P
B (x,f‘g’,agm ) Z[ (N+1)( } By <a:]\éH> (2.43)

p=0

Each of the perturbative contributions B ©P) t the FFNS coefficient functions in

q. (2.43) can be decomposed into a power suppressed part, which vanishes when ) >
M m, and a logarithmically enhanced part which instead blows up in the same limit. In
particular, we can write:

By W (x Mu > =B (2,L)+ 0 (MH > : (2.44)
Q Q
so that:
BFF,(p) MH BFFov(p) L 2.45
ki s Q>>M>H ki (z,L) . (2.45)

We can then define the so-called zero mass limit of the FFENS coefficient functions (FF0)
as follows:

B (x L, a1 ) ZP:[ (N+1)( } B"W) (2,1) (2.46)
p=0

from which we define the zero mass limit of the structure functions in the FFNS as:
@@ = 3 B (a: L agN“>(Q)) 2 fV (2, Q). (2.47)
1=9,9,9

Now, all the contributions to the FFNS coefficient functions in eq. (2.43) which do
not vanish when @ > My must also be present in the ZM-VFNS coefficient functions in
eq. (2.42). But this terms are exactly the FF0 coefficient functions defined in eq. (2.45).
Therefore, comparing eq. (2.42) with eq. (2.46), we deduce that:

P
BII;I‘;Oa(p) ZA(Pi ]7]) ) (248)
7=0
This allows us to formulate the FONLL scheme as follows:

BN (4, Q) = FIF (2,Q) + B (2,Q) - F'™(2,Q).  (249)
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The interpretation of eq. (2.49) is straightforward: we start from F, kH "M “then we subtract

, and

from it all the constant and logarithmically enhanced terms subtracting F,f o

finally we replace these terms with the exact massive contributions adding Fk{{ o

Now let us see how the FONLL scheme behaves in the two different energy regimes
Q > My and Q < My. Because of eq. (2.45), when @) > My the massive structure
functions FkHFF and FkH’FFO cancel in eq. (2.49) so that F,f’FONLL reduces to F,f[’ZM.
When instead Q < My, F, ,fl FONLL tends to F, ,f " because in this regime the difference
FkH’ZM — F,f’FFO, due to eq. (2.48) and to the fact that the logarithm L is not large, is
genuinely subleading in as.

As a conclusion, the FONLL scheme has the features that a GM-VFNS needs to
have: it tends to the ZM-VFNS for @) > Mpy and to the FFNS for Q < My.

It should be observed that near the threshold the difference F; kH M F]fl 0 though
formally subleading, could in practice be non-negligible. It may thus be convenient
to suppress this term through a suitable kinematic factor when @ is near M. The
suppression can be obtained modifying eq. (2.49) in the following way:

FITOMN@,Q) = B (@,Q)
(2.50)
+ D@ [FM(@,0) - K (2.Q)]

where the empirical function D,, should be monotonically increasing, approach to one
when ) > My and be identically zero for @ < Mpyg. A suitable choice is then:

2 2
Du(@) = 0@* - 33 (1- ) (251)

This particular choice guarantees a smooth transition from zero to one as () increases,
ensuring also a continuous derivative in Q = M. In Chapter 6 the impact of the
inclusion of the damping function D,, for the determination of the proton PDFs will be
discussed.

Finally, in Fig. 2.5 the results for F§ in the FONLL-C scheme, which is the order o2
implementation of the FONLL scheme (see Chapter 3), for two values of x are shown.
This proves that, like the ACOT and the TR schemes, also the FONLL scheme presents
a smooth transition from low @), where it tends to the FFNS, to high @, where it tends
to the ZM-VFNS.

2.5 The BMSN Method

The structure functions in the FONLL scheme eq. (2.49) may look similar to a pre-
scription suggested in Ref. [48], and then further discussed in Ref. [49] (see in particular
eq. (5) of the latter), sometimes referred to as the BMSN prescription. This scheme is
also based on the idea of combining computations performed in schemes which differ in
the number of active flavours. However, in the BMSN method the issue of using PDFs
defined in a single factorization scheme in all terms is not addressed (unlike in FONLL,

where it is accomplished by expressing everything in terms of agNH) and fi(NH)). This
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Figure 2.5: Fy for = 0.1 and x = 0.01 calculated using the FONLL-C scheme (see Sec. 3.1.2).
Also shown are the NNLO FENS and ZM-VFENS predictions.

leads to inconsistent results beyond order ay, as stated in Ref. [49], where it is argued
that the inconsistency is however numerically small in practice.

Also, contributions proportional to the light or heavy quark electric charge are not
easily separated in the BMSN method, again leading to (possibly small [49]) inconsisten-
cies beyond order «g, unlike in FONLL where this separation can be treated in a fully
consistent way up to order a2 as we will explicitly do in Chapter 3.
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Chapter 3

Implementation of the FONLL
Method

In this chapter the practical implementation of the FONLL scheme up to order a? will
be discussed. In order to elucidate the details of the method, in Sec. 3.1 we shall first
assume that the generic heavy quark structure functions F,fl refer to the electromagnetic
DIS structure functions, where only a virtual photon is exchanged between the incoming
lepton and hadron. The more general case of the electro-weak boson mediated DIS
structure functions will be instead presented in Sec. 3.2. Finally, in Sec. 3.3, the Mellin
space implementation of the FONLL scheme is discussed.

3.1 Practical Implementation

First of all, we need to write the FONLL heavy quark structure functions explicitly in
terms of coefficient functions and PDFs. To this end, we plug egs. (2.35), (2.40) and
(2.47) into eq. (2.49), obtaining:

F]{{LFONLL _ Z [BII;FZ + C,il\f _ ngo] ® fi(N+1) + Z Cl?,l\i/[ & fz.(N—I—l), (3.1)
i=9,4, i=H,H

where, to simplify the notation, in eq. (3.1) all the dependencies on z and @ have been
dropped. The sum on the r.h.s. of eq. (3.1) has been split in two pieces because the heavy
quark PDFs fg and f5 are convoluted only with the ZM-VFEFNS coefficient functions.
This stems from the fact that heavy quark-initiated diagrams are present only in the ZM-
VENS and not in the FFNS. Finally, PDFs f; and o, entering eq. (3.1) are all expressed
in the (IV + 1) scheme. This is an important simplification that makes the method
particularly suitable for PDF fits. The price to pay is that the coefficient functions B}
and B,SEO are obtained from the combination of the standard FFNS coefficient functions
with the matching conditions.

The next step is the perturbative expansion in a; of eq. (3.1). This is the right point
to get back to the issue that we raised in the previous chapter regarding the definition
of heavy quark structure function. In Sec. 2.1, to define the heavy quark structure
functions, we required a heavy quark in the final state as this is indeed the only possible
experimental definition. Notwithstanding this fact, from the theoretical point of view
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this is not a particularly suitable definition because the resulting observable is affected
by final-state mass singularities in the limit My — 0, which are due to the absence
of virtual diagrams that prevent the cancellation of the collinear and soft singularities
arising from the real diagrams [47]. For this reason the following definition is adopted
here: the heavy quark structure functions Fk{{ are obtained from the inclusive structure
functions Fy, when only the electric charge e of the heavy quark H is different from
zero. In practice this means that the incoming virtual vector boson v* couples only to
H and not to the other light quarks. It can be show that this definition is free of mass
singularities for My — 0.
Now we can expand eq. (3.1) using egs. (2.41), (2.43) and (2.46) as follows:

P
F}f,FONLL = & Z[ N+1} { BT (p)+CZM ,(p) Bzqu7(p)i|®fg§N+l)
p=1
r p
+ & Z [agN+1)] [B ()~|—C,fM() Bzio,(p)} ®fi(N+1)
1=q,q p=2
o P
- S S e e o
i=H,H p=0

Notice that the overall factor e%{, which had been omitted in Chapter 2, has been restored
here.

The first line on the r.h.s. of eq. (3.2) corresponds to the gluon-initiated diagrams.
All such diagrams, up to order o, are shown in Fig. 3.1. Notice that the LO diagram
is order s, and this is reflected in the sum over p in the first line of eq. (3.2) that starts
from one. Furthermore, in the FONLL scheme both ZM-VFNS and FFNS contribute to
this channel, thus all the coefficient functions B g( ?) C’Zl\;( P) and B, FO( ) are present.

The second line on the r.h.s. of eq. (3.2), 1nstead corresponds to the light quark-
initiated diagrams. Up to order o2 the only diagram that contributes to this channel is
shown in Fig. 3.2. This is an order a? diagram and thus the sum over p in the second
line of eq. (3.2) starts from two. Again, both ZM-VFNS and FFNS contribute here.

Finally, the third line on the r.h.s. of eq. (3.2) corresponds to the heavy quark-
initiated diagrams. Given that in the FFNS there are no such diagrams this channel is
purely ZM-VFENS, and indeed only the ZM coefficient functions C () appear. In this
case, the first non-vanishing order is a?, thus the sum over p starts from ZEro.

In order to completely work out the FONLL scheme for the heavy quark structure
functions F; ,f{ , one essentially needs to express the r.h.s. of eq. (3.2) in terms of the basic
ingredients currently available, that are:

e the ZM-VFNS coefficient functions C’ZM’(p ) whose exact expressions are presently
known up to order a3 [58, 59, 60, 61, 62 63],

e the FFNS coefficient functions C’,?;’(p ) and C’,S};O’(p ), whose exact expressions are
known, only for & = 1,2 and not for k = 3, up to order o2 for the Neutral Current
process [64] and up to order oy for the Charged Current process [65],
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Figure 3.1: Gluon-initiated diagrams contributing to the heavy quark structure functions F; kH
up to order o according to the definition given in the text. In these diagrams the thicker lines
correspond to the heavy quark H while the thinner lines correspond to any light quark.

e the matching conditions for ais and PDF's given by the functions ¢x (L) and K i(f) (x,L)
in eq. (2.39), which are currently known up to order a? [48].

(N)

Starting from expansion in terms ag ' of the massive coefficient functions:

=3 [agM]p W and o =" [amp cr®) (3.3)
p p

N3

where the first P terms are assumed to be known, what we need to do in practice is to
solve the equations:

Z {agNH)]png;(p) o fVT Z [agN)]pC%(p) & f (3.4)

p p

with m = FF, FF0, with respect to B;ni’(p ) order by order, using the matching condi-
tions for oz and PDFs given in eq. (237) This requires the inversion of the matching
conditions in order to express the quantities in the N-flavour scheme in terms of the
corresponding quantities in the (N 4 1)-flavour scheme.

In the light quark-initiated channel the first non-vanishing order is o2, therefore
eq. (3.4) reduces to:

2 2
[ ) B @ g~ (o] Cp® o ), (35)

S



38 3.1. PRACTICAL IMPLEMENTATION

|

Figure 3.2: Light quark-initiated diagram contributing to the heavy quark structure functions
F, ,fl up to order o? according to the definition given in the text.

and given that al™ = o™ 4 O(a?) and f f(N+1) + O(as) (cf. eq. (2.37)), one
does not really need to invert the matching conditions because:
2 m 2 m
] B 0 0 = [ P e Y o)), 39
so that: ) ,
B = (3.7)

Of course, the corresponding quantity for the antiquark g is identical to that for the
quark g. Therefore, in the second line of the r.h.s. of eq. (3.2), up to order a2, one needs

to replace B (p) with C’ ( ),

For the gluon—lnltlated Channel instead, the matching conditions need to be explicitly
inverted. However, since in this case the first non-vanishing order is a;, we just need to
invert the matching conditions only up to order as.

From eq. (2.37), for as we have:

a™(Q) =M (@) [1+e1(1)alM (Q) + O(a?)] | (3.8)
whose inverse is:
(@) = a®V(Q) [1 - a(1)al¥ V(@) + 0(a?)] . (3.9)

Similarly, for the PDFs we have:

1Y = {ass—a) el 3T KP @ D)+ 0| @ ffY, (310)
J=9,4:9

that, again, are easily inverted as:

M= ey —a) — a3 KD (@, L)+ 0(d) | @ fNTY L (3.11)
J=9,9,9
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Now, plugging egs. (3.9) and (3.11) into eq. (3.4), for the gluon coefficient functions
one gets:

m 2 m
agN“)Bk’g’](l) ®f£§N+1) + [agN—f—l)} Bk,;(Z) ®fézv+1)

= oM g piN Y (3.12)

2
+ [agNH)} [0;7_(’](2) —e(D)§(1 — ) — KD (x, L)} @ fND £ 0(a?) .

In the third line of eq. (3.12), we have used the fact that Ké;) (z,L) = 0 [48]. Moreover,
quite fortuitously, it turns out that:

K$D(z,L) = —c1(L)8(1 — =), (3.13)

so that the second and the third term in the square brackets in the third line of eq. (3.12)
cancel. This leaves us with:

m,(1 m,(1

Bk,()_ck,() ( )
m,(2 m.,(2 .
Bk,()_ck,()'

Finally, inserting egs. (3.7) and (3.14) into eq. (3.2) and truncating the series at
order a? (P = 2), we have that the heavy quark structure functions in the FONLL
scheme in terms of the basic ingredients take the following form:

2
pHFoML Z [a(NH)]” |:CI};1;(p) n O]il\;(p) -~ CISZO’(M} 2 fg(N+1)

P
2
n [agN'H)] Z [CEE,(Q) +C:zl,(2) -~ 05507(2)} ®fz’(N+1)
2 p
+ 3 [agN“)} cpt® @ fN D L 0(ad) . (3.15)

3.1.1 Light Structure Functions at order o’

So far we have only considered the heavy quark structure functions FkH , whose exact
definition has been given above. Given this definition, it is easy to deduce the comple-
mentary definition of light quark structure functions F; li as being the part of the inclusive
structure functions F}, setting to zero the electric charge of all the heavy quarks. In prac-
tice, this means that the incoming virtual photon ~+* couples only to the light quarks.
In this section we will see how the light structure functions F; ,i are obtained in the
FONLL framework. The starting point is the definition of FONLL light structure func-
tion, which is identical to that of heavy quark structure function given in eq. (2.49):

B (0,Q) = ™ (@,Q) + F™ (2,Q) - F™(2,Q). (3.16)

In this case, however, the expansion in powers of ag gives much simpler results. In
fact, the first diagrams involving heavy quarks which contribute to the light structure
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functions F,i’FONLL are the order o2 light quark-initiated ones shown in Fig. 3.3, where a

gluon radiates a heavy-quark pair. In practice, this means that(!):

Figure 3.3: Light quark-initiated diagrams contributing to the light quark structure functions
F}< involving the heavy quark H.

2
F’i,FONLL(:E,Q) _ F]i,ZM(x’ Q) + [agN+1)} F}i,GR,(Z) + O(Ozi’), (3_17)
where:
RO = 3 @ [l - B e 1 (319
i=q,q

is the contribution associated to the diagrams in Fig. 3.3. Now we just need to write

Bzzg) and B’SFC;)I;(Z), i.e. the massive coefficient functions in the (N + 1)-flavour scheme,

in terms of the coefficient functions C’,SFG’S ) and C;?é(z), that are the “standard” mas-
sive coefficient functions in the N-flavour scheme. To this end, we use the very same
procedure followed to obtain eq. (3.12) but we omit here the calculations that, involving

also order a? coefficient functions are pretty lengthy, and only quote the result:

Bn® = o —eopt - k2 (3.19)
with m = FF, FF0.

Once also the light structure functions F,i’FONLL has been defined in the FONLL
scheme, taking the flavours up, down and strange as light and charm, bottom and top
as heavy, one can obtain the inclusive FONLL structure functions Fjy°"** as the sum of
light and heavy components as follows:

FEOYM2,Q) = F* ™ (@,Q) + Y FMM(@,Q). (3:20)
H=c,b,t

! Actually, this is not as straightforward as it looks. In fact, in principle contributions coming from
the inversion of the matching conditions could already appear at order as. However, due to the fact that
in eq. (2.37) Kéé)(x, L) = 0 [48], it does not happen.
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3.1.2 Perturbative Ordering

As already mentioned in Chapter 2, the perturbative ordering in matching ZM-VFNS
and FFNS in the FONLL structure functions is somehow a matter of definition. The
central point is that the LO contribution to heavy quark production in the ZM-VFNS is
order a? (heavy quark-initiated diagram) while in the FFNS it is order o (gluon-initiated
diagrams). There are then two possibilities: either the two schemes are combined order
by order in «y (absolute ordering) or the combination is done matching LO with LO,
NLO with NLO and so on (relative ordering). Until now we have worked implicitly
assuming the absolute ordering in the construction of the FONLL structure functions.
However, this issue is in general non-trivial because in a global parton fit one may want
to combine data for observables whose LO starts at different orders in .

One option is then to simply adopt an absolute perturbative ordering, whereby at
NLO all quantities are computed at order as. We will refer to it as scheme A henceforth.

However, we can also adopt the relative approach and use different accuracies in
as but same relative ordering in the computation of the different contributions to the
FONLL structure functions. At NLO, it is then necessary to compute the ZM coefficient

functions ,fl‘f only up ay because this is the NLO in the ZM sector, but all massive

coefficient functions By and their zero-mass limits B’ should be computed to order

043 in order to have the same relative accuracy in the massive sector. However, to ensure
consistency of the subtraction of the large logarithms it is sufficient to include only
logarithmic terms in B["°, because the corresponding non-logarithmic terms are not

included in the massless coefficient functions C’,f“f We will refer to this as scheme B.
We can finally also pursue a full order a? computation, by simply performing the
absolute-ordered computation of scheme A to one extra order. We will refer to this as
scheme C.
In summary, there are three options for perturbative ordering, namely:

e Scheme A: the order ay FONLL of egs. (3.15) and (3.17).

e Scheme B: the order oy ZM coefficient functions and retaining the order a? con-

tributions to the massive coefficient functions in egs. (3.15) and (3.17). In this
case, however, the massive expressions exceed in accuracy the massless ones when
@ ~ Mp. Thus, in the zero-mass limit expressions of the FFNS coefficient func-
tions, the non-logarithmic terms of order a2 should not be included.

e Scheme C: the order a? FONLL of eqgs. (3.15) and (3.17).

We should finally remark that schemes A and B, being formally NLO schemes, require
as and PDFs evolved using the respective NLO evolution equations. The scheme C
instead, being a NNLO scheme, requires the NNLO evolution.

3.2 Electro-weak Structure Functions

In the previous sections we have considered the implementation of the DIS heavy quark
structure functions only in the case in which the heavy quark was produced in an
electron-hadron process via the exchange of virtual photon ~*. Strictly speaking, this
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is correct only if Q) < My, i.e. when the transferred energy is not sufficient to gener-
ate a massive electro-weak vector boson Z° or W, If this is not the case, the above
treatment must be generalized and there are essentially two categories to be considered:
the Neutral Current (NC) processes, where a neutral massive virtual boson v*/Z9 is
exchanged, and the Charged Current (CC) processes, where instead a charged massive
virtual boson W* is exchanged.

It is straightforward to generalize the above discussion to the case of a general NC
process. The only modifications needed with respect to pure photon exchange is the
replacement of the electric charges with the corresponding weak charges.

In the case of the structure functions £} and Fb, one has to perform the following
replacement:

eg = By(Q) = ef — 2¢,VeVyP7(Q) + (VZ + A2)(V{ + ADPZ(Q) (3.21)

where:

_ 1 Q?
F2(@) = Oy (1 — sin? Oyyr) <Q2 n Mg) ’ (3.22)

being 6y the weak mixing angle, e, the electric charge of the quark flavour ¢ and Vy
and Ay, with f = g, e, the vector and axial couplings of the fermion f to the Z9 boson.
The specific values of the couplings are collected in Tab. 3.1.

f Ef Vf Af

u, c,t —i—% —I—% - %sin2 Ow —i—%
d, s, b —% —%—F%stGW —%
Ve, Vy, Vr | 0 —f—% —|—%
e, p, 7 | —1 —% + 2sin? Oy —%

Table 3.1: Coupling of fermions to the Z° boson.

The structure function F3, instead, is absent in a purely electromagnetic scattering.
In fact, it embodies the parity violating part of the scattering and it appears only when
the Z° boson starts contributing. The weak charge to associate to the quark flavour ¢
in F3 is given by:

Dy(Q) = —2¢4A;AcP7(Q) + 4V AVe A PZ(Q).- (3.23)

The generalization to CC process is slightly more complicated. In fact, here we need
a different definition for the heavy structure functions and, consequently, for the light
ones. To this end, we consider the general form of the inclusive CC proton structure
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functions from neutrino scattering F}/, writing explicitly the CKM matrix elements(?):

Fr= 2 Cug® [(ValP + [Veal + Vial?) fa
(‘Vud‘Q + |Vu8|2 + |Vub’2) fa

(IVausl? + [Ves|* + [Vis[*) fs
(H/Cd|2+|VCS’2+’VCb|2) fz (3‘24)
(IVas* + Vo + [Vis|?) fo

(
C

[Vial? + Vs + Vio 2) £
gCCCk,g X fg} )

+ H o+ H+H

where the + signs in eq. (3.24) have to be taken for k = 1,2 and the — signs for k = 3,

moreover:
S9=2 )" > vyl (3.25)

i=u,c,t j=d,s,b

The CC anti-neutrino structure functions F} can be easily obtained from eq. (3.24)
replacing each PDF with the PDF of the respective antiquark and, only for k = 3,
changing the overall sign.

As in the NC heavy quark structure functions, a suitable definition is based on the
use of the couplings, which in this case are the CKM matrix elements: such a definition is
indeed free of mass singularity when My — co. We adopt then the following definitions:

1. the CC light structure functions are composed by the terms of eq. (3.24) which
are proportional to those CKM matrix elements containing only light flavours (i.e.
u, d and s),

2. the CC heavy structure functions associated to the heavy flavour H are instead
given by the terms proportional to Vg g or Vi, such that My > M.

In practice, this means dividing the CKM matrix in the following way:

Vud Vus Vu
Verkm = [ Vea Ves Vi (3.26)
V;fd Vvls ‘/tb

where the red terms contribute to the light structure functions, the blue terms to the
charm, the green terms to the bottom and the violet terms to the top structure functions.
This definition, that may look a bit peculiar, turns out to be useful when mass effects
are taken into account. In fact, one does not want bottom mass effects to contribute to
the charm structure functions and this definition is formulated in such a way that, for a
given heavy flavour H, no flavour heavier than H itself enters the respective structure
functions. In particular, only light flavours contribute to the light structure functions.

2The form eq. (3.24) is strictly valid in the ZM-VFNS and using the unitarity of the CKM matrix it
reduces to a much simpler formula where the CKM matrix element do not enter at all (cf. egs. (2.39)-
(2.42) of Ref. [66]). However, the FFNS form can be obtained setting to zero the heavy quark PDFs in
eq. (3.24) and limiting only to the light flavours the sum in eq. (3.25).
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Putting into practice this recipe, the explicit form of the CC structure functions is
given by:

Bt = 2{Cry @ |VaalPfa+ (Vaal? + Vas|2) fir + Vs s
+ 2(|Vud|2 |VUS|2)Ck79®f9}

+ .

B¢ = 2{Cuy® Vel (fa+ f0) + Vs (s + £2)
+ 2(|Vcd|2+|vcs’2)ck,g®g}

_ (3.27)
b= 2{ @ [[Vis|2(fz + fo) + Ve *(fe + fo)
+ 2(|vub|2+|vcb\ ) Crg © fo}
o= 2{Ck,q ® [’th’ (fa =+ f2) + Vs[> (fs + fo) + [V *(fo + ff)]
2 ([Vidl? + Va2 + [Vaol?) Crg @ fy
for k = 1,2 and:
Féj’l = 2{03’(1 X [|Vud|2fd — (|Vud|2 + ’VusP) fﬂ+ ’Vus’2fs:|
+ (Vaal + Vasl?) Cag @ f}
Fye = 2{Coq® [VeaP(fa— o) +IVeslPfs — £2)]
(Ve + Visl?) G 1}
(3.28)
Byt = 2{Chy @ |Vl (~fa + F) + Veo (= fo + )]
+ (Vaol? + Vinl2) Gy © fy }
Ept = 2{Cog® [P = £ + Weel2(fs = )+ ValP (o = )]
b (Vadl? + Vil + 1Val?) Cag @ fy
Finally, it is easy to verify that:

H=c,b,t

Having egs. (3.27) and (3.28) for F}/, one can construct the respective FONLL struc-
ture functions following the very same procedure described in Sec. 3.1. However, while
the full order a2 ZM CC coefficient functions are known (being identical to the NC ones),
the order a2 massive CC are not available yet. Only their asymptotic Q > My limit [67]
and their threshold behavior [68] are currently known, so that the FONLL can be fully
implemented only up to order ;. Nonetheless, a partial order a2 implementation, where
the respective massive coefficient functions are set to zero, can still be employed.
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3.3 Mellin Space Implementation

In order to illustrate how the FONLL scheme is implemented in the NNPDF code, we
start recalling here that a generic structure function F' is given by the Mellin convolution
of coefficient functions with PDF's:

F@,Q) =3 Ci(,Q)® fiz,Q). (330)

However, one is usually interested in expressing all the observables in terms of the PDF's
fi at some initial scale Q9. To do so, one must solve the DGLAP equation whose solution
can be written again as the following Mellin convolution:

fz(xaQ) = Zrij(xaQ7Q0) ®fj($>Q0)> (331)
J

where I';;(z, Q, Qo) are the evolution operators that evolve PDFs from the scale Qg to
the scale Q. Plugging eq. (3.31) into eq. (3.30), we get:

F(.%',Q) = Zcz(va) & Fij(xaQaQO) ® fj(vaO) . (332)

]

The implementation of eq. (3.32) in a numerical code can follow (at least) two ways.

The first is the direct numerical integration of the double convolution between coeffi-
cient functions, evolution operators and PDFs. This, of course, requires also a numerical
solution of the DGLAP equation, which is an integro-differential equation. This is cer-
tainly the most direct and intuitive way to give a prediction for F'(z, Q). This approach,
however, strongly relies on numerical algorithms given that the convolutions and the
solution of the DGLAP equation cannot be performed analytically.

A second and alternative approach, adopted by the NNPDF collaboration, allows
for a more analytical treatment of the problem and is the so-called Mellin space (or N-
space) method. This is based on the Mellin transformation which, for a function f(x),
is defined as:

F(N)=M[f(z)] (N) —/0 deaV1f(z), NeC. (3.33)

As is well known, the great advantage of the Mellin transformation is that the Mellin
convolution, that understands an integral over the Bjorken variable x, in the N-space is
turned into a simple product.

As a consequence, eq. (3.32) in N-space takes the simpler multiplicative form:

ij

In addition, the N-space evolution operators I';;j(N,Q, Qo) are the solutions of the
DGLAP equation in the N-space that is no longer an integro-differential equation but
a much simpler first order differential equation that can be solved analytically.

The better analytical control of the Mellin method with respect to the direct z-space
solution however comes with a price to be paid.
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First of all, it requires the analytical Mellin transform of all the expressions involved,
in particular coefficient functions and evolution operators(?). This point will be exten-
sively discussed later.

Secondly, once the structure functions in the N-space have been obtained, in order
to have a prediction that can be compared to data, one needs to get back to the z-space.
This requires the inverse Mellin transformation whose definition is:

c+100
f(z) = ! / dN z= N f(N), (3.35)

270 Jo—ioo

where the real number ¢ has to be such that the integral fol dr ¢! f(x) is absolutely
convergent. Hence ¢ has to lie to the right of the rightmost singularity of f(N) in the
complex plane. The contour of the integration in eq. (3.35) is shown in Fig. 3.4 and
denoted by the green line while the (hypothetical) poles of f(IN) by the blue crosses.
Under the assumption that f(N) is an analytical (or holomorphic) function, the
Cauchy theorem states that one can deform the integration path in a continuous way
without changing the result of the integral, provided that no pole of the function f(N)
is crossed during the deformation. This allows us to cleverly choose a different path that
makes the solution of the integral in eq. (3.35) easy to implement in a numerical code.
A possible choice is the so-called Talbot path Cp, such that eq. (3.35) is equivalent to:

f(z) = % ; dN =N f(N), (3.36)
where:
Cr:{N(0) =rb0(cot +1i); 0 € (—m,+m)} (3.37)

being r a parameter possibly depending only on z. The Talbot path in eq. (3.37) is
showed in Fig. 3.4 and denoted by the red line.

Performing a variable substitution in eq. (3.36) using eq. (3.37) and defining ¢t =
—Inz, one gets:

o
f@) = 1./‘(de“”anvuvw»

2mi do
(3.38)
—+m
= 5| dL+ic®) NI FN ),
Tr —Tr
with:
o(0) =0+ cotf(@cotd —1). (3.39)

From eq. (3.37) one can easily see that N(—6) = N*(), while from eq. (3.39) it is evident
that o(#) is an odd function of §. Moreover, f(NN) being the Mellin transform of a real
function, one automatically has that f(N*) = f*(N). Using this information, one gets:

r

flz) = = /OHdQRe{[l+ia(9)]etN(9)f(N(0))}7 (3.40)

™

3In principle also the Mellin transform of the PDFs would be required but, using the so called
FastKernel method [69], one can essentially keep the second convolution on the r.h.s. of eq. (3.32)
performing the integration interpolating over an x-space grid with a set of cubic Hermite polynomials.
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Figure 3.4: Talbot path on the N plane.

where Re{ ...} is the real part of its argument. Finally, eq. (3.40) can be solved numer-
ically using, for instance, the trapezoidal approximation.

Once we know how to get back from the N-space to the z-space, we can go back
to the question of the analytical Mellin transforms of coefficient functions and evolution
operators appearing in eq. (3.34). We will treat this issue separately for splitting func-
tions, on which evolution operators depend, and coefficient functions in the following
sections.

3.3.1 Splitting Functions

The splitting functions P;;(x, 1) entering the DGLAP equation were already introduced
in Chapter 1. As is well known, they admit the perturbative expansion:

Pz, ) = af ()PP (x), (3.41)
k=0

where the coefficients of the expansion are presently known up to three loops (i.e. m =
2) [16, 19, 20, 21, 22]. The LO contributions to eq. (3.41) [16], two of which (P and
Pg(g)) were already given in Chapter 1, are compact enough and we report them in here
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along with the corresponding splitting diagrams:

(3.42)
i 11—z 11C,4 — 4N;Tx
PO (z) =4 * 1 (1 — i
a (x) Ca = . +z(l—2)| +6(1 —2) 3
Cr, Tr and C4 being the usual SU(3) color factors
4 1
CF - g 5 TR 5 5 CA - 3 . (343)

Notice that in the splitting functions in eq. (3.42) the so-called plus prescription appears
which is meant to regulate the soft x — 1 singularities. Its definition, when the integra-
tion bounds are 0 and 1 has already been given in eq. (1.16). However, given the generic
function f(x), the following more general definition that holds for any integration bound
can be given:

1-8
e =l 000 -5-0)f0) 60— 5-0) [ answ)] . G

Using eq. (3.44), it is easy to derive eq. (1.16) as a special case for the function 1/(1—x).
The plus prescription is an important ingredient for the computation of the Mellin
transform of functions like those appearing in eq. (3.42). In fact, using eqs. (3.33)
and (3.44) the Mellin transform of the splitting functions in eq. (3.42), called anomalous
dimensions, is given by:

) _ o 3
(0) B 2+ N+ N2
FPog (N) = 2TR[NN+1 )(N +2)
(3.45)
2+ N+ N2
Pq(s(?))(N) = 2CF|: (N2 -1) :|
(0) 1 11 4
PNy = 4 —S{(N)+ —| — =NpTg.
99 () CA[N N+1)(N+2) SiN) + 5| = 3NeTr
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The results in eq. (3.45) are given in terms of the harmonic function Si(NN) whose
definition is [70]:

—1)¢ B
SIN) =€) = =y - ). (3.46)
Here (1) = g, where 7 is the Euler-Mascheroni constant, while {(I > 1) is the Riemann
¢-function evaluated in the integer I, and ¥~V is the I-th logarithmic derivative of the
Euler I'-function also called polygamma.
The NLO and NNLO contributions to the splitting functions PZ(]l)(x) and Pi(f) (x),

reported in Refs. [21, 22], are definitely more involved than PZ.(]Q) (x) and so are their Mellin

transforms. However, while the expressions for PZ-(;)(:U), though pretty lengthy, are still
reasonably short to be implemented in an efficient numerical code, the expressions for
PZ»(jQ) (x) are instead huge and would require many calls to special external functions (cf.
for instance eqs. (4.9), (4.10) and (4.11) of Ref. [21] and egs. (3.10), (3.11), (3.12) and
(3.13) of Ref. [22]). This makes their implementation very inefficient. It is then useful to
have at one’s disposal also compact approximate representations [70] involving, besides
powers of x, only simple functions like:

o
(1—a)4’

and possibly their powers.

These compact expressions are determined fitting a template functions, constructed
using the simple functions in eq. (3.47) to the exact expressions. Besides the regular
functions in eq. (3.47), also a “local” term proportional to §(1 — z) could be included
in the parametrization, and its numerical coefficient is determined fitting the template
expression to the exact expression of the first Mellin moments of the coefficient functions.

Dy = Ly =In(1 — ), Ly =In(x), (3.47)

An example of such compact parametrization is the pure-singlet component PISS) of
2)

splitting functions Pq(g) = Prg) + P2 whose parametrized form is [22]:
P2(z) ~ {Nf ( — 5.926L3 — 9.751L2 — 72.11L1 + 177.4 + 392.9%
—101.422 — 57.04Lo Ly — 661.6Lo + 131.4L3 — 400/9L3
+160/27L4 — 506.02 ! — 3584/2795*1L0>
+  N? (1.778L§ +5.944L; 4+ 100.1 — 125.2x + 49.2622
—12.5923 — 1.889Lg Ly + 61.75L0 + 17.89L3 + 32/27L3
+256/81a:*1> }(1 ).

(3.48)

Except for x values very close to zeros of the exact expressions, such parametrizations
deviate from the exact results typically by less than one part in thousand, which is
a more than sufficient accuracy for any foreseeable numerical application. In Fig. 3.5
we show the comparison for P;SS) between the exact result and the respective compact
parametrization given in eq. (3.48) [22]: no visible difference is observed.

As a consequence of such a simple parametrization, the Mellin transform of the
splitting functions can be readily obtained from them to a perfectly sufficient accuracy

and their expressions involve only simple harmonic functions S;(N).
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order ocss pure-singlet splitting function
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Figure 3.5: The order a2 pure-singlet splitting function, multiplied by x for display purposes:
exact vs. parametrization [22].

The splitting functions are responsible for the PDF evolution through the use of the
DGLAP equation. In addition, if the evolution is performed in the VFNS (as required
by the FONLL method) where the number of active flavours changes when the heavy
quark mass thresholds are crossed, also the PDF matching conditions [48] play a role in
the evolution. Therefore, for an N-space implementation, also the Mellin transform of
the PDF matching conditions needs to be evaluated.

In order to assess the accuracy of the parametrization discussed above as well as
the correctness of the implementation, a benchmark of the NNLO PDF evolution in the
VENS as implemented in the NNPDF framework against the Les Houches benchmark
tables [71] has been performed [56]. In Table 3.2 the relative difference €, between the
NNPDF implementation and the benchmark tables of Ref. [71] for various combinations
of PDFs is shown. It is clear that the accuracy is perfectly satisfactory for precision
phenomenology.

3.3.2 Coefficient Functions

Now we come to the issue of the Mellin transform of the coefficient functions. First
of all, looking for instance at eq. (3.15) we notice that the FONLL method to order o2

needs three kinds of coefficient functions: the ZM coefficient functions C’,flf’(p ), the FFNS
,(p)

coefficient functions C,Si and the zero-mass limit of the FFNS coefficient functions

szo’(p ), all of them for p = 0,1,2 when possible. In the next sections we will address,

one by one, the issue of Mellin transforming these typologies of coefficient functions.

ZM Coefficient Functions

Let us first discuss the ZM coefficient functions C,fl\;’(p ). As we already mentioned,

the order a? x-space expressions for the ZM coefficient functions are known since long
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x H 6rel(fu - fﬂ) ‘ 6rel(fd - fE) ‘ 6rel(fg _ fﬂ) ‘ 6rel(fg + fﬂ) ‘ 6rel(fs + f?) ‘ 6rel(fg) ‘
1077 2.5-10°1 2.5-1071 3.4-107° 2.7-107° 47-107° | 5.7-107°
106 1.5-1074 1.0-1074 1.0-1074 6.1-107° 5.0-107° | 5.8-107°
107° 1.7-1074 1.6-1074 1.1-107% 5.2-107° 3.6-107° | 7.8-107°
10~* 1.6-107* 1.7-1074 6.5-107° 4.3-107° 7.7-107° | 8.6-107°
1073 9.4-107° 6.9-107° 1.9-107° 7.6-107° 75-107° | 1.0-107%
102 2.9.1074 3.2-107* 4.5-107* 1.0-1074 1.3-107% | 1.2-107¢
1071 2.6-107* 3.8-107* 5.9-107% 5.2-107% 3.4-107%* | 7.5-107°

3-1071 1.3-107° 1.3-107° 4.7-107° 1.3-107° 9.9-107° | 4.8-107°
5-1071 3.8-107° 5.8-107° 3.1-107° 42-107* 85-107* | 23-107*
7-1071 1.8-1074 7.9-107° 2.4-1073 42-.1073 9.4-107% | 1.1-1073

Table 3.2: Relative accuracy of NNLO PDF evolution in the VFNS as implemented in the
NNPDF framework in comparison to the Les Houches benchmark tables [71].

time [58, 59, 60, 61] and more recently even the order a contributions have been calcu-
lated [62, 63]. A nice feature of this kind of calculations, where all the quark masses are
set to zero, is that their kinematics is completely determined by the incoming momenta
only. This means that, in the lowest order of the electro-weak interactions where the
electro-weak coupling factorizes out, NC and CC hard processes are totally equivalent,
with the consequence that their coefficient functions are exactly the same. This allows,
when treating ZM coefficient functions, not to distinguish between NC and CC processes.

The z-space expressions of the ZM coefficient functions up to order o, have a rea-
sonably short expression and we can explicitly report some of them here. For example,
the order a! coefficient functions for F#M are:

Cry () = 6(1 ~ ) (3.49)
zM,(0) o :
Coq '(x) =0,
while the order «y are [72]:
zM,(1) B In(1 —z) . % 1 _ _
Cy," '(x)= 2CF [2 (1 — ), 2\i=2), (14 2)In(l —x)
1+ 2 ™™ 9
— - === — 3.50
1_wln:r+3+2x <3 2>5(1 x)] ( )

CQZ}\;’(D(:E) = 2Tj {(2932 —2z+1)In <1

_”3> —(8332—833—#1)} .

x

The Mellin transform of these coefficient functions can be easily obtained (using, for
instance Tabs. A.1 and A.2 in Appendix A) and they read:

c;“q‘g (N)=1
ZM,
Oy =0

(3.51)
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and:

zM, (1) _ . 2 N Sl(N) §
CE ) = 20k | = SuV) + SHN) - oA+ 5SI)

L2 39

N2 N+1 2N 2

(3.52)

ZM, (1) o . 2 . 2 i
Cog™ (V) = 2TR[ Sl(N)<N+2 N+1+N>

_ 2 y o8 8 1
(N+D)(N+2) N2 N+2 N+1 N

Unfortunately, the respective expressions beyond order «; are much more involved.
Therefore, exactly like the case of the splitting functions, in order to implement such
expressions in an efficient numerical code, one fits the exact results with more compact
parametric functions determining the coefficients. The results of this procedure for F»
are given in Ref. [63], those for F, in Ref. [62] and those for F3 can instead be found
in Refs. [70, 73]. They usually ensure an accuracy of order 0.1 % or less. Again, these
simplified functions can be easily Mellin transformed and the result involves only simple
harmonic functions S;(N). In Fig. 3.6 we show the relative accuracy of the first even
moments (N = 2,4,6,8) for C’QZ}\;’@) (N) between the approximated expressions reported

in Ref. [63] and the exact results given in Ref. [74]. With an accuracy below 10~%, this
confirms the goodness of the parametrized expressions.

Moment accuracy

Figure 3.6: Relative accuracy of the first even moments (N = 2,4, 6,8) for 02271\;’(2) (N) of the
expressions reported in Ref. [63] with respect to the exact results given in Ref. [74].

Finally, in Fig. 3.7 the relative accuracy for the charm structure functions Fj and
F7 in the ZM-VENS at order a? for three different energies @Q? = 10,100, 1000 GeV?
between the NNPDF implementation and the FONLLdis public code [47] is shown. The
difference between the two is below the 0.2% all over the relevant range, providing
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perfectly satisfactory accuracy. A similar accuracy has been found for the light structure
functions F and F.

NC F,° in the ZM-VFNS at order cxsz- FONLLdis vs. NNPDF NC F_®in the ZM-VFNS at order ocsz- FONLLdis vs. NNPDF
0.2 T T 0.2 T T
_10GeV — 5 —1OGeV —_—
Q _100GeV ----- Q _100Gev ----- B
0.15 ¢ Q% = 1000 GeV? ------ 1 0.15 | Q%= 1000 GeV2 ----- .
S
SR g 01p i
% 0.05 - % 0.05 -
°a I °. e . ’
W [reeea K wo | e . -
< 0 [Frrtree i s o < 0 [rimtssnme  l IS r o el T
-0.05 | ] -0.05 | \/
-0.1 - - . -0.1 . . .
1e-05 0.0001 0.001 0.01 0.1 1e-05 0.0001 0.001 0.01 0.1
X X

Figure 3.7: Relative difference for the order a2 charm structure function Fy§ (left panel) and F¢
(right panel) at Q% = 10,100, 1000 GeV? in the ZM-VFNS between the NNPDF code and
FONLLdis.

Massive Coefficient Functions

In this Section we consider the FENS coefficient functions C ") and CFFO( ) In this
case, given that the non-vanishing masses affect the klnematlcs of the process we need
to distinguish between NC and CC.

The Mellin transform of the FFNS coefficient functions represents the trickiest part
of the implementation of the FONLL scheme in N-space. In fact, the presence of the
mass contributions makes the analytical solution of the Mellin transforms much more
involved and requires the use, for instance, of the hypergeometric function for which a
suitable implementation becomes necessary. In addition, an analytical z-space solution
for the Mellin transforms is not even always possible. This is the case, for instance, for
the order a? FFNS coefficient functions for which fully analytical expressions are not
available. The Mellin transform of these coefficient functions has been however possible
employing the parametrization presented in Ref. [75].

In Appendix A all the results for the Mellin transform of the FFNS coefficient func-
tions are collected. In particular, the Mellin transform of the NC coefficient functions
up to order o and the CC ones up to order a; are presented. A numerical benchmark
of their implementation is also included, showing that the derived formulas provide a
more than satisfactory accuracy.

Here we limit ourselves to compare the predictions for the FFNS structure functions
obtained using NNPDF N-space implementation [69] with other independent codes that
instead employ a direct z-space implementation.

As far as the NC structure functions are concerned, the NNPDF implementation
has been benchmarked against the z-space code FONLLdis [47]. Regarding CC structure
functions, instead, a private x-space benchmark code able to produce predictions for all
the CC and NC cross sections included in the NNPDF fits up to order as was written
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with the precise purpose to benchmark the N-space implementation(?).

In Fig. 3.8 the relative accuracy for the NC charm structure functions Fy and F7} in
the FFNS at order o2 for three different energies Q% = 10,100, 1000 GeV? between the
NNPDF implementation and the FONLLdis public code [47] is shown. A good accuracy
well below the 1% level is found.

NC F, in the FFNS at order usz- FONLLdis vs. NNPDF NC F_®in the FFNS at order ozsz- FONLLdis vs. NNPDF
0.8 T 0.8 T
§°=10GeV2 §°=10GeV2
o6 | Q° =100 GeV; ----- | 06 Q° =100 GeV> ----- N
: Q° =1000 GeV* ------ : Q° =1000 GeV* ------
04| ] 04| 3
G 0.2 | ] G 02
Cn 0 ; °. 0
w T
< < =
02 0.2 fo_
-0.4 04 [ el
_06 L L L _06 L L L
1e-05 0.0001 0.001 0.01 0.1 1e-05 0.0001 0.001 0.01 0.1
X X

Figure 3.8: Relative difference between the order a? NC charm structure function F§ (left
panel) and F¥ (right panel) at Q? = 10,100,1000 GeV? in the FFNS.

In Fig. 3.9 the same accuracy plots as in Fig. 3.8 are shown but this time for structure
functions in the zero-mass limit of the FFNS (FFNSO0) are shown. Here the accuracy is
even slightly better than in the FFNS. The reason is that, while in FFNS an approximate
parametrization of the order a? coefficient functions is used [75], in the zero-mass limit
of the FFNS the exact analytical Mellin transform of the respective coefficient functions
has been employed (see Appendix A).

NC F,° in the FFNSO at order (152— FONLLdis vs. NNPDF NC F_®in the FFNSO at order asz— FONLLdis vs. NNPDF
0.8 T 0.8 T
2=1ogev§ — 2=1ogev§ —
L =100 GeV, ~--—- 1 L =100 GeV2 ----- 1
06 09= 1000 GeV? ------ 0.6 Q9= 1000 GeV? ------ :
04t 1 0.4t
G 0.2 ¢ G 0.2 L
X 2 :
O(\l UJ 0
w w
< <
-0.2
04 |
-0.6 - : - -0.6 . . .
1e-05 0.0001 0.001 0.01 0.1 1e-05 0.0001 0.001 0.01 0.1
X X

Figure 3.9: Same as Fig 3.8 but in the zero-mass limit of the FFNS (FFNSO0).

In Fig. 3.10 the relative accuracy for the CC charm structure function Fy and F7 in

“Presently, also the code OpenQCDrad [76], which allows to have predictions for both NC and CC
observables, is publicly available but, at the time of our implementation, it was not. However, we have
compared a posteriori both our N-space and z-space implementation with OpenQCDrad [76] finding good
agreement.
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the FFENS at order «a; for the same energies as before between the NNPDF implemen-
tation and the private xz-space benchmark code is shown. Also in this case the accuracy
is very good.

CC F,° in the FFNS at order o - x-space code vs. NNPDF

X

CC F_°in the FFNS at order o - x-space code vs. NNPDF
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X

Figure 3.10: Relative difference between the order ag CC charm structure function Fy (left
panel) and F¢ (right panel) at Q2 = 10,100,1000 GeV? in the FFNS.

Finally, in Fig. 3.11 the same accuracy plots as in Fig. 3.10 are shown in for the
structure functions in the zero-mass limit of the FFNS. Again, a very good agreement
is found.

CC F,° in the FFNSO at order o - x-space code vs. NNPDF

X

CC F_°in the FFNSO at order o - x-space code vs. NNPDF
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Figure 3.11: Same as Fig 3.10 but in the zero-mass limit of the FFNS (FFNS0).

The same benchmark of NNPDF implementation has been performed also for the
respective FFNS light structure functions finding similar accuracies. It should be re-
marked that a real full benchmark of the order a? neutral current structure functions
was not possible because the FONLLdis code does not implement the gluon radiation
term mentioned in Sec. 3.1.1. However, it was shown in Ref. [56] that the contribution
due to this term is usually below the 1% level.

After benchmarking the implementation of the structure functions for all three sectors
ZM-VFNS, FFNS and zero-mass limit of the FFNS, one can be reasonably sure that also
the FONLL prediction, which is a combination of those three schemes, works well. This
is indeed the case, as shown in Fig. 3.12 where the predictions for F§ at Q? = 10 GeV? in
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the FONLL-C scheme as implemented in the NNPDF code and in FONLLdis are shown.
No visible difference is observed.

NC F.,° in FONLL-C at Q% = 10 GeV?

0.7 ‘
NNPDF ——

06 | FONLLdis -----

05 ,

04 | :

F,°(x,Q)

03 ]

0.2 r ,

01 r ]

0 1
1e-05 0.0001 0.001 0.01 0.1

X

Figure 3.12: F§ at Q? = 10 GeV? in the FONLL-C scheme as implemented in the NNPDF
code and in FONLLdis.



Chapter 4

Structure Functions with MS
Masses

In a recent paper [77] it has been claimed that the implementation of the MS masses in
the heavy quark structure functions may result in an improvement of the perturbative
stability and in a reduction of the theoretical uncertainty due to variations of the renor-
malization and factorization scales. This turns out to be useful for a PDF determination
because it helps to constrain potentially large higher order corrections.

In this chapter a detailed strategy on how to implement heavy quark structure func-
tions in terms of MS masses in the FONLL scheme will be discussed. There are two
distinct steps to be taken. The first is the modification of the VFNS PDF and a; evo-
lution. In fact, introducing the MS masses, the threshold matching conditions, which
are usually expressed in terms of pole masses [48], need to be adjusted. The second
step consists in expressing the FFNS coefficient functions, which are also usually given
in terms of the pole mass, in terms of MS masses. Once these steps have been carried
out, given that the ZM coefficient functions do not depend on the heavy quark masses,
the FONLL structure functions can be fully expressed in terms of MS masses. With this
setup it will be possible to determine the MS charm mass m.(m.) in the context of a
PDF determination.

4.1 MS Running Mass vs. Pole Mass

For the rest of this chapter, we will only consider a single heavy quark mass and, in
order to make the notation lighter, the pole mass will be denoted by M while the MS
mass by m(u).

The pole (or on-shell) mass M is defined as the pole of the renormalized propagator of
the heavy quark. Although M depends on the perturbative order, it is independent from
the renormalization scale . The MS mass m(u) refers instead to the mass parameter in
the QCD Lagrangian renormalized according to the MS scheme prescription. Differently
from the pole mass, the MS mass is renormalization scale dependent and its evolution
is regulated by a differential equation, similar to that for ag, called the Renormalization
Group Equation (RGE).

Therefore M and m(u) come from two different renormalization procedures and thus
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one can be expressed in terms of the other through a perturbative series in ag. This is
exactly what has been done in Ref. [78] and in particular from eq. (31) one reads:

M
———:1+M”%+C%(h%m+am9+ﬂb@wﬂ9+h9ﬂa?H%@L (4.1)
m(p)

h(2)
with:
W (1, m(p)) = Cp (4 + 3L )
7 9 9
h?ky,nﬂp)):-—g—%SOQy+12Q3—4$Cghﬁ2)—»iLwnﬁ—iLim
1111 185 11
B (p,m(p)) = g~ 862 — 605+ 246 In(2) + 7Lum + ?Lim (4.2)
71 26
B () = = = 82— Ly — 2L
) 143 26
B (1 m()) = ===+ 16C2 = S Ly — 2L
where:
o 4.3
Lym=In———, .
g m?(u)

and Ny, is the number of lighter flavours. In practice, if M or m(u) is the mass of the
n-th flavour, then Ny =n —1. In the following eq. (4.1) will be used to replace the pole
mass M with the MS mass m(u) wherever needed.

4.2 RGE Solution for the MS Running Mass

As already mentioned, the MS mass m(p) is renormalization scale dependent and its
evolution is regulated by the RGE which gives rise to the following differential equation
for the running:

P
dm n
W g = mm(as) = —m(un) p eyt (4.4)
n=0
From eqs. (46), (47) and (48) of Ref.[79] for SU(3) (taking into account a factor four
difference in the definition of a), the first three coefficients of the series on the r.h.s. of

eq. (4.4) read:

70 =4 (4.5a)
202 20
W= -SN (4.5b)

2216 160 140
(2) — 1949 — (222 4 2 ) N - —— N2 4.
Tm 9 27 + 3 C3 ]1 y ( 5C)

where N is the number of active flavours at the scale p.
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The evolution equation for as instead reads:

P
dasg "

2d S =Blas) ==Y Bpal™?, (4.6)

K n=0

with: )
fo=11-2N (4.7a)
38
Br=102- TN (4.7b)
2857 5033 325

Using eq. (4.6), eq. (4.4) can be written as:

dm _ Ym(as)

da. B(as) m(as), (4.8)
whose solution is: o
@y (as)
_ X das | . 4.9
miy) mwwepllmm m%>a] (4.9)

Expanding the integrand in eq. (4.9) using the perturbative expansions of ~,,(as) and
B(as) given in eqs. (4.4) and (4.6) respectively, one gets the following polynomial in a:

m 1
7»3(53) T a [co + (1 — brco)a + (ca — c1by — baco + bico)a® + O(a?)] (4.10)
where: (M)
b = gé and ¢ = %. (4.11)

Now the integral in eq. (4.9) can be explicitly solved obtaining:

a a a 1
Tm (@) da = coln — + (c1 —bico)(a—ag) + = (ca — c1by — baco +b3co) (a® —ad), (4.12)
ao 6(0,) ag 2
where a = as(p) and ag = as(po)-
Substituting eq. (4.12) into eq. (4.9) and expanding the exponential functions, one
finally obtains:

) = miu) (£)"

ag
(4.13)
1+ (Cl — b1CQ)a + %[CQ —c1bp — bacy + b%CO + (Cl — b100)2]a2

1+ (e1 — bico)ap + %[02 — c1by — baco + bico + (e1 — bicg)?]ad ’

which gives the NNLO running for m(u). Of course, to obtain the NLO running one
has just to disregard the terms proportional to a? and a% in eq. (4.13), while at LO
m(p) = m(po), i.e. there is no running at all(!).

Note that, to be consistent, the evolution of @ and ao must be done at the same perturbative order
as m(p).
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4.3 Matching Conditions

The matching conditions for PDFs and ag at the heavy quark thresholds are usually
given in terms of the pole mass M [48]. However, in order to consistently implement the
MS scheme for the heavy quark masses, they need to be expressed in terms of m(u). This
will be done in the next sections. In addition, the matching conditions for the running
of m(p) itself will also be derived. As discussed is Sec. 4.4, since the FFNS coefficient
functions will also need to be expressed in terms of MS masses, the knowledge m(u) for
any value of the renormalization scale p is required as well.

4.3.1 Matching of o,(u)

The explicit expression of the matching condition for as between the (N — 1)- and the
N-flavour scheme can be found in eq. (9) of Ref. [57]. Up to order o2, it reads:

D 2 4 38 14
Ay T gl <9LMM s ) @G, (1)
where M is the pole mass of the N-th flavour. But from eq. (4.1) it follows that:

16

I M2 = Inm? () + 21 + 2D ()a™ (u)], - with 2D (u) = = + 4Ly, (4.15)

that, using the expansion:

In(1+ z) i D (4.16)
n = S — .
x P
k=1
can be written as:
In M? = Inm?(p) + 200 (1)a™ (1) + O([a™M)]?) . (4.17)
It is straightforward then to see that:
2
Luy = Lym — 20Ma™) = 1, — (33 + 8Lum> a™) (4.18)

that, substituted into eq. (4.14), gives the matching condition for a; in terms of the MS
mass m(p):

a1 (1) 2 4 22 22
> W _q_ =z () il s 22 16 ()12
() 1 3LMma (1) + <9Lum 3 Ly + 5 ) [a'™ ()] . (4.19)
In order to get rid of the logarithmic terms, one can choose to match a¥=1) and
a™) at = m(u) = m(m), so that eq. (4.19) reduces to:
22
aN D (m) = a™(m) (1 + 5 o) (m)]2> : (4.20)

which can be easily inverted obtaining:

a™(m) = aN "V (m) <1 - 292[a(N_1)(m)]2> . (4.21)
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Exactly like in the case of the pole mass [80], also in the MS mass scheme it is possible
to choose the matching scale for ay is such a way that the running is continuous at the
heavy quark mass thresholds up to order o, and the discontinuity appears only at order
a?. The only difference is that the coefficient of the matching is —22/9 in the MS mass
scheme and 14/3 in the pole mass scheme. It is interesting to observe that, in order to
perform the matching as described above, one just needs to know the value of m(m)
which is an input parameter that in the MS scheme plays the role of the M in the pole
mass scheme. m(m) is usually referred to as the RG-invariant MS mass.

4.3.2 Matching of m(u)

Also the running of m(u) needs to be matched. In particular, one might need to match
the (IV — 1)-flavour scheme to the N-flavour scheme of the mass my(p), with ¢ = ¢, b, ¢,
at the N-th heavy quark mass threshold my(u), with again h = ¢,b,t. From eqgs. (26)
and (27) of Ref. [81] one reads:

(N-1)
mg (1) (4 w2 _ 20 ) 89) (N) [, \12
— o =1+ zLum Ly + (@™ ()], (4.22)
SR CR R R
where: N 2
LW —1n . (4.23)
" mj (1)

If one chooses to match the two schemes at the scale u = my(u) = mp(my), the loga-
rithmic terms vanish and one is left with:

_ 89
Y Do) = (1+ SN ) ) m ). (1.21)
whose inverse is:
89 _ _
m{™ (my,) = (1 - 2*7[ a™ 1)(mh)]2> mN Y (my,) . (4.25)

4.3.3 Matching of the PDF's

In this section the replacement of the pole mass M with the MS mass m(u) in the
matching conditions for PDFs is discussed. As is well known, the quark and the gluon
PDF's (singlet sector) in the (N +1)-flavour scheme in terms of those in N-flavour scheme
at any scale p are given by the coupled equation:

N+1 -3, -3, N
(fq( )) B <1+a 2ANSD) L JSB)  AS0 4 2550 ) (fq( :

N+1 S, (1 N ) (426>
v+ 2245 Lt a,AS0 2450 | €\ gl ))

where the form of the (z-space) functions entering the transformation matrix above
are given in Appendix B of Ref. [48]. It should be noticed that, at the generic scale

1, also the order «y contributions fli’g(l) nd A (h) are present. However, they are

both proportional to In(u?/M?) and therefore they disappear if one chooses © = M
as a matching threshold. The matching condition for the non-singlet sector, i.e. those
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combinations of PDFs that evolve multiplicatively, is omitted here because it does not
contain any «g contribution, and therefore it is not affected by the mass scheme change
up to order 2.

In order to replace the pole mass M with the MS mass m(u), one just needs to
substitute eq. (4.17) into eq. (4.26). In the order a? functions in eq. (4.26), the second
term on the Lh.s. of eq. (4.17) would give rise to subleading terms of order a. Therefore
in those functions it is enough to replace M with m(u). On the other hand, the second
term on the Lh.s. of eq. (4. 17) is important for the order as terms in eq. (4.26). Since

both functions Ai; ) and A Si( h) are proportional to In(u?/M?), they can be written as:

2 2
~5.(1 w L
Ay’ (‘T M2> =@y

(4.27)
2 2
s, u
Agg(,l) (.7} W) = 92( )hlﬁy
where: )
g1(x) = 4TR[z" + (1 — 2)°]
A (4.28)
92(2) = —3TrO(1 — 2).
Replacing M with m in eq. (4.27) using eq. (4.17), one gets:
2 2
75,(1) [ H 1
B (0 25) = (o) 2~ 20D e o)
(4.29)
2 2
S,(1) H H 1
A5 (5,25 ) = ) 55— o ).
Finally, eq. (4.26) in terms of m(u) becomes:
<f«§N“)> (14 a2l AR AT 4 27— 2n(Mg) < §N)>
féNH) zqu(i) 1+ asAgg(h) +a [Ajg(,i) _ 2h(1)g2] féN)
(4.30)

Given that the matching conditions for the PDFs are to be implemented in a code
based on the solution of the DGLAP equation in Mellin space, it is necessary to compute
the Mellin transform of the functions g;(x) and go(z) which is:

91(N) = M[gi (2)])(N) = 4T Ni S N2+ .+ jlv]
(4.31)
92(N) = Mlgo(2)])(N) = - Ti.

Choosing to match the (NN + 1)-flavour scheme and N-flavour scheme at y = m(u) =

m(m), all the logarithmic terms vanish (including the functions fli’g(l) and A;;(i)), there-
fore we obtain:

() - (el AT (o
|

. (4.32
féN—&-l) GQAZ(,%) 1+ a2 [A ( ) —2p(M g, f;N)> ( )
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x H 6rel(fu — fﬂ) ‘ 6rel(fd — fE) ‘ 6rel(fg — fﬂ) ‘ 6rel(fg + fﬂ) ‘ 6rel(fs + f?) ‘ 6rel(fg) ‘
1077 2.6-1071 1.9-107% 3.5-107° 7.4-107° 6.0-10° [9.8-107°
106 14-107* 1.1-1074 1.2-1074 5.7-107° 59-107° | 6.0-107°
107° 1.9-1074 1.6-1074 9.3-107° 5.9-107° 6.1-107° | 4.4-107°
10~* 1.5-1074 1.7-1074 7.0-107° 6.5-107° 70-107° | 7.6-107°
1073 1.2-1074 8.8-107° 0.0 7.8-107° 1.1-107* | 9.5-107°
102 2.6-107% 3.1-107* 4.5-107* 1.3-107 1.3-107*% | 1.3-107¢
1071 2.7-107% 3.7-1074 6.0-107* 5.1-107% 3.5-107* | 1.0-107*

3-1071 0.0 0.0 6.7-107° 5.7-107° 5.6-10° |3.6-107°
5-1071 0.0 3.2-107° 8.0-107° 0.0 3.5-107° | 1.2-107*
7-1071 2.0-107* 9.8-107° 1.4-1073 2.2-1073 1.2-1073% | 6.0-107%

Table 4.1: Relative differences at Q% = 10* GeV? for NNLO PDF evolution in the MS mass
scheme as described in Sec. 4.3.3 in comparison to HOPPET for various flavor combinations.

Once again, if the matching point is chosen cleverly, also in the MS mass scheme the
matching conditions for PDFs start to play a role only at order a?, with the only
difference that some coefficients of the matching matrix for gluon and singlet is modified
by some simple functions.

4.3.4 Benchmark of the Evolution

The implementation of the prescriptions described above for the evolution in the VFENS
in the presence of MS masses has been benchmarked against publicly available codes.

The running and the matching for the MS mass m(u) described in Sec. 4.3.2 has been
checked against the Mathematica package RunDec [81]; we found a perfect agreement.

In order to asses the goodness of the implementation for the evolution in the VFNS
of PDFs and «g, in Tab. 4.1 the relative accuracy against the z-space evolution code
HOPPET [82], that also has the option to perform evolution with MS heavy quark masses,
is reported [83]. Evidently, a very good agreement is found.

4.4 Structure Functions

Once the evolution for as(u), m(p) and PDFs is settled, we turn to the implementation
in the Mellin space of FFNS structure functions in terms of the MS mass. This will be
done separately first for the NC structure functions and then for the CC ones.

4.4.1 Neutral Current

In this section we discuss the explicit substitution of the pole mass with MS mass in the
FFNS NC heavy quark structure functions (F2H and F }:{ ). Dropping all the unnecessary
dependencies, the generic FFNS NC structure function has the form:

F(M) = a,FY (M) + a2F@ (M) + 0(a3). (4.33)
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The Taylor expansion of F(U (M) and F) (M) around M = m reads:

o0

1 d"F®
FOM) =) ——m
n=0

(M—m)", 1=1,2, (4.34)
M=m

and in particular what is needed are the relations:

1 1 pydfF® 2

FO M) = FO(m) + agmh™ i + 0(a?)
M=m (4.35)

FO(M) = F@(m) + O(ay),
where eq. (4.1) has been used in the first relation.
Finally, substituting eq. (4.35) into eq. (4.33), one gets:
dF®)
F(M) = a;,FY(m) + a? | F®(m) + mh(l)‘ +0(ad). (4.36)
M=m

In the NC case the difference between pole and MS mass scheme is given by a
correction of order a? proportional to the derivative of the order ay term F . of
course, the implementation requires the analytical calculation of such a derivative and
the starting point is the relation:

Tmax(M) qo
FOOn =a [ g (2) o a0 00 x00), (430)

where the explicit N-space expressions for C’él) are given in Appendix A for both F5 and
Fr. In eq. (4.37) the following definitions are also used:

2 2 2
xmax:1+1%2, n:&(i—l)—l, g:%, X:%. (4.38)
Defining:
Gz, M) = Zg (Z) €N (n(z, M), §(M), x(M)). (4.39)
eq. (4.37) can be written as:
FO (1) = / R G(z, M). (4.40)
Therefore:
dFM AG (2 0n(M), M) dG(x, M)

d zmaX(M)d M (4.41)
dM _dM/x 2G(z, M) = AM M '

where G(z, M) is the primitive function of G(z, M) with respect to z (i.e. G/8z = G).
But: " - -
AG(Tmax (M), M)  OG(Tmaxs M) dZra OG(Tiax, M)

dM - oM dM Y (4.42)
~———

G(xmax »M)
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and: -~ _
dG(z, M)  0G(x, M)
Fivi = BIi , (4.43)
thus: 0 _ _
dF G (T, M) OG (2, M) ATy
ar oM ont T ang G M)
(4.44)
Tmax(M) 0G(z, M) = dx
— /z dz EIn; + i G (T o, M) .

As discussed in Ref. [77], the boundary term in eq. (4.44) vanishes and thus can be
omitted. Finally, since:

0G(z, M) =z sy oC)
om 27 (2) OM (4.4)
one has that:
dF®) B /mmax(M)dz (g) 6051)
Mem * . 2 I\L) oM .
(4.46)
Tmax(m) o o aCél)
- /x ~9 () | .

Now, taking into account the fact that:

FOGN= 3 / el 7% (2) e m) (4.47)

1=q,4,9

and using eqs. (4.36) and (4.46), one can explicitly write down the massive structure
function up to order a2 in terms of the MS mass as following:

Py = o [ (2)
(4.48)

Bes() gz g

2 ~(2

s [T R (f) e ).
i=q,q

In conclusion the NC heavy quark FFNS structure function (F3 or F1) in terms of

the MS mass m can be obtained from the pole mass expression by replacing everywhere

oY

g oM

asCél)(z, m) + a2 (C(Q) (z,m) + mh®

the pole mass M with m and correcting the order o gluon coefficient function C’él) with
the term: :
ac

m(u)h™ (um(p)) | =3

(4.49)

‘M =m(p)
Of course, for the zero-mass limit of the FFNS structure function the same recipe holds,
with the only obvious difference that the correct massive coefficient functions are to be
used. The explicit derivative of Cgl) in eq. (4.48) for the NC massive structure functions
F5 and Fp, in the Mellin space have been completely worked out in Appendix B.
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4.4.2 Charged Current

In this section the MS mass implementation for the generic CC FFNS heavy quark
structure function is discussed. The treatment is exactly the same as for the NC structure
functions, with the only difference that in the CC case the perturbative expansion starts
at order a2 and presently the full massive coefficient functions are only known up to
order oy, i.e. we have:

F(M) =FOM) + a,FO(M) + O(a?). (4.50)

Therefore, expanding F(© and FM) around M = m and keeping only the terms up to
order ay, one obtains:

) dF)

F(m) = FO(m) + as | FO(m) + mh( il

+ 0(a?). (4.51)

S

M=m

Therefore, in order to consistently replace the pole mass M with the MS mass m in the
CC FENS coefficient functions, one has just to replace M with m and then correct the
order o quark coefficient functions adding the contributions given in eq. (B.24). For
the detail of the calculation, I refer to Appendix B.

4.4.3 Benchmark of the Structure Functions

Finally, in order to check that the above derivation for the massive structure functions
is correct, the implementation presented above has been compared to the OpenQCDrad
code [76]. In Ref. [83] a benchmark table for the NC charm structure function Fy was
presented and reported here in Tab. 4.2. As one can see, the agreement is good over a
wide kinematic range. Also the CC FFNS structure functions have been benchmarked
against the same code and the same good accuracy was found.

| 2\Q? | &aa(Q% =10 GeV?) | €a(Q* =100 GeV?) | e (Q* = 1000 GeV?) |

1074 1.8% 1.8% 1.1%
1073 0.1% 0.1% 0.4%
1072 0.2% 0.1% 0.8%

Table 4.2: Relative differences between the implementation of the charm structure function Fy
with MS heavy quark masses discussed in this section and the OpenQCDrad results.



Chapter 5

The NNPDF Methodology

The acronym NNPDF stands for Neural Network Parton Distribution Functions and
this is the name of the methodology adopted for the determination of PDF's described
in this chapter.

The NNPDF approach is based on the combination of the Monte Carlo method for
the treatment of uncertainties with the use of neural networks as basic interpolating
functions. The general idea is twofold. First, problems related to the possibility of non-
Gaussian errors and non-trivial error propagation are best addressed through the use
of a representation whereby central values are obtained from a Monte Carlo sample as
averages, uncertainties as standard deviations, and so forth. Second, problems which
require the reconstruction of a function through its discrete sampling, without making
assumptions on its functional form, are best addressed using neural networks as unbiased
interpolants.

In the first stage, one generates a Monte Carlo ensemble of replicas of the original
data. The ensemble is generated with the probability distribution of the data, and it is
large enough to reproduce the statistical properties of the data to the desired accuracy.
In practice, data are assumed to be distributed according to a given multi-Gaussian
probability distribution of statistical and systematic errors, described by a covariance
matrix and a normalization error, and thus this is the distribution that is used to generate
the replicas. However, any other probability distribution can be used if required by
the experimental data. Each element in the Monte Carlo set is then a replica of the
experimental data and contains as many data points as are originally available. The
ensemble contains all the available experimental information, which can be reproduced
a posteriori by performing statistical operations on the replicas that form the ensemble.

In the second stage, a set of PDF's is extracted from each replica of the data. Each
PDF at a given scale is parametrized by an individual neural network. A neural net-
work is just an especially convenient functional form used in place of the more usual
polynomials. In practice, One first chooses a basis set of initial PDF's, typically smaller
than the maximal set of twelve quarks and antiquarks plus one gluon, and then evolves
from the initial scale to the scale at which data are available by using standard DGLAP
evolution equations described in Chapter 1. Finally, physical observables are computed
by convoluting the evolved PDF's with the coefficient functions. The best fit set of PDF's
is finally determined by comparing the theoretical computation of the observable for a
given PDF set with the respective experimental values contained in each Monte Carlo
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replica. The experimental values will of course be different in each replica, as they will
fluctuate according to their distribution in the Monte Carlo ensemble, and the best fit
PDFs will be accordingly different for each replica. The ensemble of these best fit PDFs,
which contains as many elements as the set of replicas of the data, is the final result of
the PDF determination in the NNPDF approach.

The way in which the best fit set of PDFs is determined from each data replica is
especially important. A first obvious requirement is that the best fit be independent
of any assumption made about the parton parametrization. This requirement is met
by adopting a redundant parametrization: the size of the neural networks used, i.e.
the number of parameters used to parametrize them, is much larger than the minimum
required in order to reproduce the data.

A more subtle issue is that of establishing how the best fit is to be determined. A
first possible answer might be to determine the best fit as the absolute minimum of the
x? (i.e. absolute maximum of the likelihood). However, this procedure does not produce
the optimal fit. Indeed, even for fully compatible data, independent measurements
of the same quantity at the same point will fluctuate within the uncertainty of the
measurement. If fitted by maximum likelihood, such independent measurements will
automatically be combined into their weighted average. However, assume now that
two independent measurements of the same observable are performed, but measured
at very close values of the underlying kinematic variables: for example the structure
function Fy(x,Q) at the same @ and two different but close values of x. Then, if
a redundant parametrization is used, a fit which goes through the central values of
both measurements might be possible, but in the limit in which the two measurements
are performed at infinitesimally close points this would correspond to a discontinuous
behavior of the observable, which is surely unphysical. This problem is exacerbated in
the case of incompatible measurements.

It was thus suggested [84] that the best fit should be characterized by a value of
the x? which is not the smallest possible, but rather equal to the value expected on
the basis of the fluctuations of the data. In order to determine this value, a strategy
was developed in Ref. [85], based on the so-called cross-validation method used quite
generally in neural network studies [86].

In Sec. 5.1 the Monte Carlo generation of artificial data will be described, while in
Sec. 5.2 the particular neural network architecture as well as the minimization strategy
and the stopping criterion adopted in the NNPDF fits will be exposed. Finally, in
Sec. 5.3, some of the statistical estimators that are commonly used to asses the quality
and the stability of a given fit will be given for future use.

5.1 Monte Carlo Generation

In order to explain how the Monte Carlo generation of the artificial data works, we start
with the observation that the experimental covariance matrix for each experiment can
be computed from knowledge of statistical, systematic and normalization uncertainties
as follows:

N, Ne 3
o, (Z P00 4 30000 4 3 0ol 4 W;s) FiFur. ()
=1 =1 =1
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where the indices p and ¢ run over the experimental points, F7, = FI(xp,QZ) and
Fjq = Fy(xg, Qg) are the measured central values for the observables I and .J, and the
various uncertainties, given as relative values, are:

(%)

e 0,¢, the N, correlated systematic uncertainties,

Q)

® T, ) the N, (IV,) absolute (relative) normalization uncertainties,
e 0, the statistical uncertainty.

The correlation matrix is then defined as:

cov
Pre = Up,totaq,toj;I,pFJ,q ' (5.2)
where the total uncertainty o) o1 for the p-th point is given by:
Op ot = \/012,’3 +ol.+ 0'12)’N ; (5.3)
being the total correlated uncertainty o, . the sum of all correlated systematics:
N, 5
ore=> o] (5.4)
i=1
and the total normalization uncertainty:
Na 1 2
aﬁ,N:Z[ﬂ +Z[2 },f] . (5.5)
i=1

The factor one half in the relative normalization uncertainties in eq. (5.5) comes from
the first order expansion of eq. (5.7) below.

The statistical sample is obtained by generating Nyep artificial replicas of data points
following a multi-Gaussian distribution centered around the central value of each data
point with the variance given by the experimental uncertainty. More precisely, given
the experimental data point F}pr ) = Fr(zp, QIQ,), the Nyep artificial points F' ](ift)(k) are
generated as follows:

Fj(f;rt)(k) _ S( eXp (1 + Zr ;(;s)ffp,s> . k=1,..., Npep, (5.6)

where:

S =TT (1+ 0 mW o

=1
(k) (k) (k) (k)

The variables rp¢,7p¢,7pa and rpr are all univariate Gaussian random numbers that
generate fluctuations of the artificial data around the central value given by the experi-
ments. For each replica k, if two experimental points p and p’ have correlated systematic

uncertainties, then rf(fc) = r](glf)c, i.e. the fluctuations due to the correlated systematic
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(k)

uncertainties are the same for both points. A similar condition on 7,5 ensures that
correlations between normalization uncertainties are properly taken into account.

The treatment of normalization uncertainties needs some more care. As is well
known, including normalization uncertainties in the covariance matrix, as done in eq. (5.1),
would lead to a fit that is systematically biased to lie below the data: this is the so-called
D’Agostini bias. In Ref. [87] an unbiased method based on a self-consistent iterative pro-
cedure, called tg method, is developed and implemented in the present NNPDF fits since
NNPDF2.0 [69].

In Ref. [84] it has been shown that, in order to reach accuracies of order 1% on
central values, errors and correlations, a sample of about Ny, = 1000 Monte Carlo
replicas would be necessary. Nevertheless, such a large number of Monte Carlo replicas
would result in as many PDFs and this turns out not to be very practical. In fact,
assuming to use such a PDF set with a numerical code that computes a cross section for
a specific process, the evaluation of the uncertainty associated to PDFs would require
1000 runs for each kinematical configuration. In addition, the tabulation of such a set
would also result in very large files difficult to handle.

However, it has been observed that choosing Nye, = 100 is still enough for having
accuracies at the percent level for central values and errors and only the accuracy of
the correlations slightly worsens reaching a few percent level. Therefore, most of the
NNPDF sets come with Ny, = 100, though also some sets with Nye, = 1000, useful for
very accurate statistical studies, have been made public.

5.2 Neural Networks and Fitting Strategy

In this section the parametrization used to represent PDFs at the initial scale, the
training (i.e. fitting) strategy and the method used to determine the best fit PDF set in
the NNPDF analyses is discussed.

In the NNPDF approach the parametrization of PDFs is rather different from that
which is most commonly adopted. Instead of choosing an optimized basis of functions
with a relatively small number of physically motivated parameters, an unbiased basis of
functions (provided by neural networks) parametrized by a very large and redundant set
of parameters is used.

The fit of neural networks to data is performed by minimizing a suitably defined
error function. This is a complex task because it requires to find the minimum in a
very large parameter space of the error function, which is a non-local functional of the
functions which are being determined in the minimization. A carefully tuned genetic
algorithm [86] turns out to provide an efficient solution to this problem. In addition, as
already mentioned, the determination of the best fit is not trivial since it is not just given
by the absolute minimum of some error function. Indeed, a redundant parametrization
may accommodate not only the smooth shape of the “true” underlying PDF's, but also
the random fluctuations of the experimental data about it.

This raises the question of how the best fit should be determined. In the NNPDF
approach this problem is addressed through the so-called cross-validation method [86],
which provides the desired stopping criterion.

In summary, the main ingredients of the NNPDF fitting procedure are:
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1. neural networks, in order to have a flexible and redundant parametrization of
PDFs,

2. genetic algorithm, which allows an efficient minimization on a large parameter
space,

3. determination of the best fit by cross-validation, in order to determine the smooth
physical law which underlies statistical fluctuations.

In the following each of the above points will be discussed in more detail.

5.2.1 Neural Network Parametrization

In the present NNPDF analyses seven PDFs, parametrized at a initial evolution scale
Q2 = 2 GeV?, are extracted. The seven parametrized PDFs correspond to the gluon
g PDF and to six linear combinations of the light quark PDFs w,%,d,d,s and 5. The
heavy quark PDFs ¢, ¢, b, b etc., are eventually radiatively generated at higher scales
by means of the DGLAP evolution. Any intrinsic heavy quark contributions is thus
neglected(1).

Once the PDF's to be determined have been chosen, any linearly independent com-
bination of them is a viable choice to perform the fit. In this respect neural networks
are particularly suitable because they provide sufficient flexibility to accommodate any
reasonable choice. The specific basis chosen in the NNPDF analyses is given by the
following linear combinations:

e gluon: g(%QO) = fg(x7Q0)7

e singlet: Y(z, Qo) = Z [fq(x, Qo) + fg(z, Qo)l,
q=u,d,s

e total valence: V(z,Qo) = Z [fq(z, Qo) — fa(z, Qo)l,
q=u,d,s

non-singlet triplet: 73(z, Qo) = [fu(z, Qo) + fulz, Qo)] — [fa(x, Qo) + f4(z, Qo))
e sea asymmetry: As(z,Qo) = f4(x, Qo) — falz, Qo),

total strangeness: 3+(:1c, Qo) = fs(x, Qo) + fs(x, Qo),

strange valence: s~ (x, Qo) = fs(% QO) - fg(x, QO)-

!The vanishing of intrinsic heavy flavour contributions is an assumption that in principle could be
relaxed. In fact, within the NNPDF collaboration, the inclusion of an intrinsic charm component in a
PDF determination is presently being considered.
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The assumption that all heavy quark PDFs are generated only radiatively at higher
scales, is implemented by requiring that:

c(z, Qo) = ¢(z, Qo) = b(z, Qo) = b(z, Qo) = t(x, Qo) = t(x,Qo) =0. (5.8)

Each independent PDF is parametrized using a multi-layer feed-forward neural net-
work [86]. This typology of neural network can be visualized as composed by neurons
arranged into L layers and where the k-th layer contains nj neurons (see for example
Fig. 5.1). The output of the neural network is then given by the neurons in the last
layer as a function of the output of all neurons in the preceding layer, which in turn is a
function of the output of all neurons in the preceding layer and so on, back to the first
layer, which provides the input. Each neuron in a given layer processes the output of
all the neurons of the preceding layer, in particular the output §i(k) of the i-th neuron in
the k-th layer is given by a nonlinear activation function g(z) according to the formula:

gz.(’“):g(hg’“)), i=1,...np, k=2...L, (5.9)

(k)

7

)

whose argument h; ’ is the linear combination of the output §i(k_1 of all neurons in the

previous layers:
Nk—1

k k) o (k—1 k

A Z 53 L0 _ g 5.10)
j=1

where wg:) (weights) and ng) (biases) are the free parameters to be determined by the

fitting procedure. In the NNPDF approach g(z) is taken to be a sigmoid:

B 1
Cl4e®

9(x) (5.11)
in the inner layers and the linear function g(x) = x for the last (output) neurons(s).

In practice, it turns out to be convenient to rescale both the input and the output
of the neural network, in such a way that they both take values between 0 and 1: this
avoids having weights wgf) and biases Hgk) whose numerical values span many orders of
magnitude.

In short, a neural network outputs the value(s) §§-L) as a function of the input value(s)

§J(-1) and the parameters wy?) and Gz(k). The training of such a neural network consists in
the determination of the best fit values of these parameters.

The choice of the architecture of the neural network cannot be derived from general
rules and it must be adapted to each specific problem. One can roughly guess the size
of the neural network and then determine by actual fitting the critical size above which
results become independent of the size of the networks. Finally, one chooses a size which
is somewhat larger than the critical one.

It was found that a neural network with architecture 2-5-3-1, as shown in Fig. 5.1 (i.e.
two neurons in the input layer, five neurons in the first hidden layer, three neurons in
the second hidden layer and one neuron in the output layer), for all PDFs is an adequate
choice for this particular task. In fact, it turned out to be more efficient for the fitting
procedure to take simultaneously as input both x and Inz as inputs.
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Figure 5.1: Neural network having architecture 2-5-3-1. This architecture is chose to
parametrize the independent PDFs in the NNPDF fits.

This configuration corresponds to 37 free parameters for each PDF, i.e. a total of
259 free parameters(?). The use of such a redundant architecture reduces a priori the
possibility of a functional bias. The absence of any bias has been explicitly checked in
Ref. [88], by verifying the independence of results on the choice of architecture.

Large enough neural networks can reproduce any functional form. However, the
training can be made more efficient by adding a preprocessing step, i.e. by multiplying
the output of the neural networks by an appropriately chosen function. The neural
network then only fits the deviation from this function.

In practice, the input PDF basis in terms of the neural networks NN;(z) and pre-
processing functions is:

9(z,Qo) = Ag x (1- x)ﬁg NNg(x) )

Y(z, Qo) = > (1—-z) NNg(z),

Viz,Qo) = Ay z*v (1-— 1:)/3‘/ NNy (z),

Ts3(z, Qo) = 9T (1 —z)%s  NNpy(z), (5.12)
As(z,Qo) = Apg a%s (1 —x)%s NNp,(z),
st(z,Qo) = %+ (1 —2)P+ NN (z),
s~ (x, Qo) %= (11— x)ﬁs* NN,- () — Saux(x, Qo) ,

where:
Saux (7, Qo) = Ag—a"s= (1 — x)bs— . (5.13)

The values of the preprocessing exponents « and 3 are randomly chosen, replica by
replica, within a reasonably wide range that ensures the integrability of PDFs and the
absence of any bias at the same time. The exponents r,- and t,-, instead, are chosen in

2To be compared to less than a total of 30 free parameters for parton fits based on standard functional
parametrizations [24, 23, 28].
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such a way that saux(z, Qo) peaks in the valence region (x ~ 0.1+-0.5), and that the small-
x and large-x behavior of s~ (z, Q) are not controlled by the saux(x, Qo) contribution.
The four normalization constants Ag, Ay, Axg and A,- that have been factored out,
are instead determined dynamically during the fit requiring that the momentum sum
rule:

/01 dez [S(x, Qo) + g(x, Qo)] = 1 (5.14)
and the valence sum rules:
/ e [u(, Qo) — e, Qo)) =2
/ = [, Qo) f Q0] = (5.15)
| it o) = it o = 0
be satisfied.

5.2.2 Genetic Algorithm Minimization

Now we turn to the fitting strategy for the parametrized PDFs. The fit of neural networks
on the k-th Monte Carlo replica is performed by minimizing the error function:

Ndat
1 -1
k) _ z : (art)(k) _ gn(net)(k) —(k) (art)(k)  po(net)(k)
B = Naat [Fl’p Frp } [<COV( ) ]pq [Fqu Fig ] , (5.16)
pq=1

where F' I(f;t)(k) is defined in eq. (5.6) while F I(E,et) ®) is the prediction of the observable Fr
for the i-th experimental data point computed with the PDF set which is being fitted.
Notice that the covariance matrix cov(®) used in eq. (5.16) for the minimization is not
that defined in eq. (5.1), but it is constructed from it using the ¢y prescription [87] that
ensures a proper treatment of the normalization errors. The precise definition of cov(*)
can be found in Appendix A of Ref. [89].

Due to the non-local nature of the error function (5.16) and the complex structure
of the parameter space, the genetic algorithm [90] turns out to be the most efficient
method for its minimization.

The genetic algorithm applied to this problem works in the following way. For each
Monte Carlo replica and for each independent PDF, the state of the corresponding neural

network is represented by the state vector:
w= (wl,wz, e ,wNpar) , (5.17)

where each element w; corresponds either to a weight wg-{) or to threshold ngk) of the
neural network, being Np,, the total number of free parameters. At each iteration of
the genetic algorithm, N,, — 1 copies of the state vector w are generated. For each
copy, Nmut randomly chosen elements of the state vector w are replaced by new values,

according to the rule:

1

wk—>wk+n<r—2) , (5.18)
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where 7 is a uniform random number between 0 and 1 and n (mutation rate) is a free
parameter of the minimization algorithm which can be optimized either for the given
problem or dynamically during the minimization. At the end of this procedure, there
will be Neop — 1 variants of the starting state vector w (mutants) plus the starting state
vector itself. At this point the error function in eq. (5.16) is computed for each one of
the Neop state vectors and the one that yields the lowest value (which could possibly be
the starting configuration) is then chosen as a starting point for the following iteration.

The procedure is then iterated until the vector with smallest value of the error func-
tion E*) meets a suitable stopping criterion. Notice that the minimization procedure is
such that the value of the error function F*) never increases.

The main advantage of genetic minimization is that it is able to explore many regions
of parameter space simultaneously. This lowers the possibility of getting trapped into
local minima of the error function allowing a more reliable determination of the best fit
configuration.

5.2.3 Cross-Validation Method

The crucial feature which guarantees a bias-free fit is the possibility of stopping the
training, not at the lowest value of the error function (which might not reflect the true
underlying physical law), but rather when suitable criteria are met. These criteria should
single out the point where the fit reproduces the information contained in the data, but
not the statistical noise. Namely, the best fit should have the lowest possible value of
the error function compatible with the requirement of not fitting statistical fluctuations.

To this end, the so-called cross-validation criterion is adopted and it works as follows.
The dataset is separated into two disjoint sets and the error function E®*) in eq. (5.16)
minimized only using the data points of the first set (training set). During the mini-
mization process, the error function from the data of the second set (validation set) is
however computed. The best fit is reached when the error function computed on the
validation set ceases to decrease. In fact, a situation where the training error function
keeps decreasing (recall that the training error function only decreases if the genetic al-
gorithm is used) while the validation error function starts increasing, signals that the fit
is merely reproducing the fluctuations of the specific training set. This procedure does
not lead to loss of information if both the training and the validation sets reproduce
the features of the full dataset. This can be simply achieved on average by choosing a
different random partition for each Monte Carlo replica of the dataset.

In practice, the stopping criterion is implemented as follows. One first defines the
training fraction 0 < fi, <1 (typically fi, = 0.5, i.e. half of the data go into the training
set and half into the validation set) and for each Monte Carlo replica selects randomly
a fraction fi; of points for each experiment, which are used for training, while the
remaining points are assigned to the validation set. At the [-th iteration of the genetic
algorithm the error function in eq. (5.16) is separately computed on both the training

and validation sets defining the quantities Et(f )(l) and Eg;l) (I). The training proceeds

at least until Et(f ) has reached the threshold value Et(f ) = Fin, typically Epin ~ 3.

This ensures that the training does not stop due to fluctuations in the early stages. If
Et(f ) < FEmnin, the training is stopped at the [-th generation if the following conditions
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are met:
e < 1 — Or s Tyal > 1+ O0val, (5.19)

where the slopes ri, and 7y, are defined as:

<Etr,val (l)>

T Ir,va. = Y 520
trval <Etr,val(l - Asm)> ( )
and the moving averages <E,Ef ) (1)) and (Ei:f(l)) as:
k 1 l k
Baaa ) = 55— > B, (5.21)
S =1~ Nym+1

being Ny, the width of the smearing interval over which the moving average is computed
and Agp, the distance between two points used to evaluate the slope on the error function
profiles. Typically, the values Ny = Agn = 200 are chosen. In other words, the fit is
stopped if the training error function has a negative slope (ry; < 1 up to some tolerance
given by 6, ) while the slope of validation error function is positive (7ya > 1+ dya1). The
values of the tolerances &y, and dy, must be determined by analyzing the behavior of
the fit for the particular dataset which is being used for neural network training. It was
found that 6, 6ya) ~ 10™% is a suitable choice.

Finally, in order to avoid unacceptably long fits, an upper length for the training
process, i.e. a maximum number of iterations Ngen of the genetic algorithm, is also set.
This is typically chosen to be Ngen = 50000. It has been checked that, though about
10% of the Monte Carlo replicas do not meet the stopping criterion before reaching the
maximum number of allowed iterations, this does not spoil the overall quality of the
fit. This is essentially due to the fact that, after such a big number of iterations, both
training and validation error functions have reached a point where they do not decrease
any more.

5.3 Statistical Tools

One of the biggest advantages of the Monte Carlo approach is that it allows for the
use of the standard statistical tools. In this last section we will briefly review how to
compute the most important statistical estimators given a Monte Carlo PDF set {f;},
with k =1, ..., Nyep.

The expectation value of any observable F; which depends on PDFs is given by the
average over replicas:

Nrep
(F) = o > il (5.22)
rep k:].

Similarly the uncertainty is given by the standard deviation:

oi = \/ NN_l ((F2) — (Fi)2). (5.23)
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Given a second observable F; depending on PDF's, the associated covariance is given by:
COVyj = P450404 , (5.24)

with:

Nrep <FZFJ> - <E><FJ> )

= 5.25
Pij Niep — 1 00} ( )

Another important statistical estimator, which will be extensively used in Chapter 6,
is the statistical distance between Monte Carlo samples. Given two different sets of
Monte Carlo PDFs {f,gl)} and {f,gz)} having N}(}g and Nr(ezg replicas respectively, the
statistical distance of the observable F; with respect to the two samples {fél)} and
{f,gz)} is defined as:

a[(F)0, (7)) = | /%) (5.26)

where the quantities (F;)® and ‘71(!«23 have been evaluated using eqgs. (5.22) and (5.23)

using the Monte Carlo PDFs {f,gi)}. The analogous definition for the statistical distance
between uncertainties can be found in Appendix A of Ref. [69].
In practice the distance d defined in eq. (5.26) measures whether the Monte Carlo

samples {fél)} and {f,?)} do or do not come from the same underlying probability
distribution. In other words, eq. (5.26) and its analogous for the uncertainty test whether
the two distributions from which the two samples are taken have respectively the same
mean and the same standard deviation.

If Nrelp = Ner = Niep, With Nyep large enough, it can be shown that d scales as
\/Nrep- In particular, if the two samples are statistically equivalent, one gets d ~ 1,
while if they differ by one standard deviation, one gets d ~ \/Niep.

Notice that the observable F; in eq. (5.26) could well be a PDF so that d would
measure the statistical distance between that PDF belonging to two different Monte
Carlo samples. In particular, this is how the statistical distance will be largely used in
Chapter 6 to asses the statistical “compatibility” of different sets of PDFs.
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Chapter 6

Impact of Higher Orders and
Heavy Flavours on PDF's

The implementation of the FONLL scheme up to order a2, described in detail in Chap-
ter 3, has been recently employed for the determination of the proton PDFs using the
NNPDF methodology, presented in Chapter 5. This originally resulted in the PDF sets
of the NNPDF2.1 family [55, 56].

The NNPDF2.1 analysis was based on a wide set of data including: DIS, fixed-target
Drell-Yan and pre-LHC electro-weak vector boson and inclusive jet production data
at colliders. Since its release, however, different LHC data with potential to further
constrain PDFs have been released and they have been included in the NNPDF2.3
analysis [29].

In Sec. 6.1 a description of the dataset included in the NNPDF2.3 analysis will be
given. In Sec. 6.2 the NNPDF2.3 sets will be presented highlighting the impact of the
inclusion high order corrections and heavy quark mass effects. Finally in Sec. 6.3 some
phenomenology relevant for the LHC will be studied.

6.1 Experimental Data

In this section the experimental data used for the NNPDF2.3 analysis will be presented.
In the first place, the kinematic cuts applied to the dataset and their motivation will be
discussed. Secondly, the full dataset included in the fit will be discussed and, finally, the
issue of the implementation of positivity constraints on PDF's will be addressed.

6.1.1 Kinematic Cuts

As is well known, DIS structure function data are affected by both power corrections
of kinematic origin, due to the mass of the target my, as well as corrections related to
higher twist contributions to the operator product expansion (OPE). The former can be
determined exactly in the form of an expansion in powers of m?\, /Q?, while the latter
are of dynamical origin and thus, if included, they must be fitted just like the leading
twist PDF's.

The target mass corrections are included up to order m3;/Q? [85] in the NNPDF2.3
fits. Dynamical higher twist corrections, on the other hand, are not and they are kept



80 6.1. EXPERIMENTAL DATA

under control by imposing suitable kinematic cuts. In particular, only data having
invariant mass of the final state W2 = Q*(1 — z)/x > W2, = 12.5 GeV? and energy
Q? > Q?nin = 3 GeV? are included in the fit. Very recently, it has been explicitly
shown [91] that, imposing the aforementioned cuts, the higher twist corrections have
indeed a negligible impact on the PDF determination.

A further reason for selecting data with Q2 > anm is the fact that, very close to
the charm quark threshold M2 ~ 2 GeV?, the predictions for charm structure function
Fy3 in the GM-VFNS might suffer from instabilities due to the threshold behavior. This
suggests to use a value of Q2. reasonably larger than M? and Q% = 3 GeV? is then
a suitable choice.

Furthermore, there is an indication of possible deviations from the NLO DGLAP
evolution in the small-z HERA data [92, 93] and these deviations are mostly relevant in
the smaller Q? region.

On top of the cuts just described, additional cuts on the HERA Fy data are applied
for the NLO fit. The motivation is discussed in detail in Ref. [47] and essentially is that
the FONLL-A scheme, which is used for the NLO fits (see Sec. 3.1.2), provides a poor
description of the data in the smallest z and Q? region due to missing large order o2
corrections(!). Therefore, the HERA F§ data with Q% < 4 GeV? and with Q% < 10
GeV? for z < 1073 are removed from the fit. These cuts ensure that all Fi§ experimental
data included in the fit are well described by a theory accurate at order «,. These
additional cuts on Fy are instead removed for the NNLO fits, where all the large order
a? corrections are consistently included.

Finally, it should be remarked that only DIS data undergo kinematic cuts. On the
contrary, all the hadronic data are included in the fits because, given their kinematic

coverage, they are not affected by power corrections.

6.1.2 The Dataset

The NNPDF2.3 dataset is summarized in Tab. 6.1, where experimental data are sepa-
rated into DIS, fixed target Drell-Yan production, electro-weak vector boson production
and inclusive jet data. For each dataset the number of points after the kinematic cuts
described in the previous section as well as and their kinematic ranges are provided.

It should be noticed that, on top of all the data already present in NNPDF2.1, 146
LHC data points have been included in the NNPDF2.3 analysis: the ATLAS W and Z
lepton rapidity distributions from the 2010 data set [94], the CMS W electron asymmetry
from the 2011 data set [95], the LHCb W lepton rapidity distributions from the 2010
data set [96] and the ATLAS inclusive jet cross sections from the 2010 run [97].

A scatter plot in the (z,Q?) plane of the dataset included in the NNPDF2.3 fit
NNLO (the widest) is displayed in Fig. 6.1, with the values of z determined using LO
kinematics.

6.1.3 Positivity constraints

An important theoretical constraint which should be enforced when PDF's are determined
is the positivity and, as discussed in Ref. [126], it should be imposed on cross sections

!'Note that this is true for any heavy quark scheme that does not include order a2 corrections.
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Experiment Observable ‘ Ref. ‘ Ndat ‘ [Zmin, Tmax] ‘ [QZin, Q2 ax] [GeV7] ‘
Deep-Inelastic scattering
NMC pd FP/F¥ [98] 132 [0.008, 0.68] [3.5,99.0]
NMC FY [99] 224 [0.009, 0.48] 3.2,62.3
SLAC F? [100] 37 [0.10,0.55] 3.0,19.5
F{ [100] 37 [0.10,0.55] [3.3,19.5]
BCDMS EPp [101] 333 [0.07,0.75] [7.5,230.0]
Fid [102] 248 [0.07,0.75] [8.8,230.0]
HERA1-AV NC red. xsec. e’ 103 379 4.3-1077,0.65 [3.5,30000.0]
NC red. xsec. e~ 103 145 1.3-107%,0.65 [90.0, 30000.0]
CC red. xsec. e” [103] 34 [0.008, 0.40] [300.0, 15000.0]
CC red. xsec. e~ 103 34 0.013,0.40 [300.0, 30000.0]
CHORUS CC red. xsec. v 104 431 0.045,0.65 [3.0,95.2]
CC red. xsec. U [104] 431 [0.045, 0.65] [3.0,95.2]
FLH108 Fr, [105] 8 [2.8-10~%,0.0036] 12.0,90.0
NuTeV CC Dimuon v [106, 107] 41 [0.021,0.33] 3.1,116.5
CC Dimuon 7 [106, 107] 38 [0.015,0.21] [3.1,68.3]
ZEUS-H2 NC red. xsec. e~ 108 90 0.005, 0.65 200.0, 30000.0
CC res. xsec. e~ 109 37 0.015,0.65 280.0, 30000.0
ZEUS F5 F3 99 [110] 14/18 [1.3-107%,0.02] [7.0/4.0,130.0]
Fy 03 111 21/27 [7.0-1077°,0.03] [7.0/4.0,500.0]
F3 08 112 7/9 [2.2-1077,0.032] [7.0,112.0]
F5 09 [113] 8 [8.0-107%,0.03] [30.0,1000.0]
H1 F5 Fy 01 [114] 6/10 | [1.3-10 *,0.0032] [12.0/3.5,60.0]
F5 09 [115] 6 [2.4-10°,0.025] [120.0, 400.0]
F5°10 [116] 26 [2.0-107%,0.05] [12.0/5.0,2000.0]
Fixed Target Drell-Yan production
DYE605 double diff. distr. d [117] 119 [0.14,0.65] [50.5, 286.0]
DYES66 double diff. distr. p [118, 119] 184 [0.017,0.87] [19.8,251.2]
double diff. distr. p/d [120] 15 [0.026, 0.55] [21.2,166.4]
Collider vector boson production
CDF W asy W asymmetry [121] 13 [3.0-107%,0.57] [6463.8,6463.8]
CDF Z rap Z rapidity distr. [122] 29 [2.7-107%,0.80] [8315.2,8315.2]
DO Z rap Z rapidity distr. [123] 28 [3.0-1077,0.73] [8315.2,8315.2]
ATLAS W/Z rap W/Z rapidity distr. 94 30 4.7-1077%,0.28 6464.0,6464.0
CMS W el asy W electron asymmetry 95 11 1.2-1072,0.11 6463.8,6463.8
LHCb W W/Z rapidity distr. [96] 10 [1.6-10"%,0.91] [6463.8,8315.2]
Collider inclusive jet production
CDF RII kr kr jets [124] 76 [4.6-1077,0.90] [3364.0, 376382.3]
DO RII cone cone jets [125] 110 3.1-107%,0.97 [2970.3,341991.0]
ATLAS jets anti-kr jets [97] 90 5.2-107°,0.91 [400.0,140000.0]
Total
Total NLO 3482 [4.3-107°,0.97] (3.0, 140000.0]
Total NNLO 3501 [4.3-107°,0.97] (3.0, 140000.0]

Table 6.1: Experimental datasets included in the NNPDF2.3 global analysis. For each
experiment the number of data points and the kinematic coverage (after the kinematic cuts
described in Sec. 6.1.1) are provided. Notice that for some of the HERA charm structure
function datasets there are two values for the number of data points and of the energy ranges:
the first corresponds to the data included in the NLO fit and the second in the NNLO fit. For

hadronic data the x-ranges are determined using LO kinematics.
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Figure 6.1: Kinematic coverage of the experimental data used in the NNPDF2.3 PDF
determination.

rather than directly on PDFs, which do not necessarily satisfy this constraint (except at
leading order where the probabilistic interpretation holds).

Positivity constraint may be implemented in various ways and in the NNPDF2.3 fits
it is imposed using the so-called the Lagrange multipliers method. In practice, a given
number of pseudo-experimental datasets having the desired kinematics are added to the
real dataset and they are such that, by construction, the “experimental” value of each
point belonging to the pseudo-dataset coincides with theoretical prediction for any set of
PDFs. This way the global x? of the fit is not affected by the presence of the positivity
constraint datasets. At the k-th iteration of fitting procedure, it is checked whether one
or more pseudo-points become negative. If this is the case, the absolute value of the
largest violation, say AV, multiplied by a given factor A (Lagrange multiplier) is added
to the training error function given in eq. (5.16), in practice the following substitution
is performed:

EP - EW 1AV (6.1)

This way, configurations of the PDF parameter space that result in negative predictions
for the pseudo-data are “discouraged” and the fitting algorithm spontaneously tends to
minimize the amount of violation AV,

In the NNPDF2.3 fits positivity is imposed producing pseudo datasets for the fol-
lowing observables:
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e the DIS longitudinal structure function Fp,, which constrains the gluon positivity
at small-x.

e The charm production cross section in neutrino DIS, d?0"¢/dxdy [127], which
constrains the strange PDFs both at large and at small-z, beyond the reach of
existing data.

e The neutral current DIS charm structure function F¥, useful to impose the posi-
tivity of the gluon at very large-x, where it is not constrained by any experimental
dataset.

All the positivity constraints are implemented at a low scale (Qpos, that is taken to be

%OS = 5 GeV?, by means of 50 pseudo-data points for each observable logarithmically
distributed over the range x € [1075, 21ax] With Zpax = 0.1 for the NC observables F,
and F§ and zmax = 0.4 for CC cross section dQU”*C/ dxdy. The pseudo-data used to
implement positivity are computed consistently at the same perturbative order as all

the other physical observables.

6.1.4 Treatment of Hadronic Data

As is clear from Tab. 6.1 and Fig. 6.1, the energies covered by the hadronic data (Drell-
Yan, electro-weak boson production and jet production) are typically well above the
charm quark threshold. In this regime, as shown in Sec. 2.4, the FONLL schemes reduces
automatically to the ZM-VFNS. Therefore, in the NNPDF analyses only the DIS data,
which however represent the majority of the whole dataset (around 3000 points points
out of 3500), are treated using the FONLL scheme. The hadronic data, instead, are
treated using the ZM-VENS. This provides a big practical simplification but does not
affect the accuracy of the determination of PDF's.

In the NLO analyses, Drell-Yan and electro-weak vector boson production are con-
sistently included at NLO in perturbative QCD. The extension to NNLO would be in
principle straightforward, but in practice challenging because of the distribution struc-
ture and intricate choice of kinematic dependence of the NNLO coefficient functions of
Ref. [128]. Therefore, an approximate computation is adopted for the NNLO analyses,
which leads to an accuracy which is fully adequate for our purposes.

In this approximation, Drell-Yan and electro-weak vector boson production observ-
ables are computed with NNLO ag and PDF evolution but NLO partonic cross sections
supplemented by local K-factors that account for the missing order a? partonic coef-
ficient functions. The K-factors are defined as the ratio of differential cross sections,
where in the numerator the full NNLO expression is used, and in the denominator the
same expression but with the order a2 corrections to the partonic cross section set to
zero. In this definition the same NNLO a4 and PDF evolution are used both in the
numerator and the denominator. This minimizes the impact of the NNLO K-factor
corrections, which are then reduced to the missing order a? partonic cross sections.

The K-factors are found to be rather small for most processes of interest, especially
for collider kinematics. It turns out that the NNLO K-factors are of order 2 + 3% for
the collider data, while they are more important for fixed-target Drell-Yan data, where
they are typically of order 10% but sometimes as large as 25%. However, the average
total experimental uncertainty on these data is typically larger than 20%.
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As far as the inclusive jet production data are concerned, exact NNLO corrections
are not known yet. NNLO theoretical predictions for CDF and DO inclusive jet data
are computed using the approximate NNLO matrix elements obtained from threshold
resummation [129] as implemented in the FastNLO framework [130, 131]. This provides
an approximate NNLO calculation which combines the most accurate perturbative in-
formation available. For the ATLAS jet data, instead, the threshold approximation is
expected to be worse because of the higher center-of-mass energy, and thus only the
NLO matrix elements are used but with NNLO PDF and «y evolution. However, it
was checked in Ref. [56] that the difference between fits with approximate NNLO jet
matrix elements and fits with purely NLO matrix elements is significantly smaller than
the difference between fits with and without jet data.

6.2 Results

We are finally ready to present the results of the implementation of the FONLL scheme
up to order o using the NNPDF methodology for the determination of the proton PDFs.
The first step will be the assessment of the higher order corrections. This will be
done in Sec. 6.2.1 comparing the NNPDF2.3 NLO set with the NNLO one.
As a second step, the impact of the heavy quark mass effects will be studied in
Sec. 6.2.2 by comparing at NNLO the NNPDF2.3 fit obtained using three different mass
schemes, namely: FONLL-C scheme, ZM-VFNS and FFNS as described in Chapter 2.

In order to isolate the effects one is interested in, it is necessary that a common
setting be used. In particular, a common value for the reference value of o and the
heavy quark masses should be taken. For this reason, all the NNPDF fits presented in
the following have been produced using as a reference for the MS strong coupling the
value as(Myz) = 0.119(?), being My the mass of the Z boson. However, it should be
stressed that as(Mz) = 0.119 is not the preferred value for the NNPDF fits. In fact,
the NNPDF fits have been produced for all the values of a4(Myz) spanning from 0.114
to 0.124 in steps of 0.001 and thus the users can utilize the parton set corresponding to
the value of as(Myz) that they find appropriate for their study. Eventually, combined
PDF+a; uncertainties may be determined by combining replicas from sets corresponding
to different values of ag, as discussed in Sec. 3.2 of Ref. [135].

As for the heavy quark masses, throughout this chapter the pole mass scheme will
be used. The use of the MS masses as described in Chapter 4 for a PDF determination,
however, is close to its completion and in the near future the NNPDF collaboration will
probably be able to release a PDF set based on the MS masses.

In Tab. 6.2 the values for the charm and bottom masses M. and M, used in the
NNPDF2.3 analysis, along with the values used in other recent PDF determinations, are
shown.

As a final remark, we recall that all the NNPDF sets presented in the following
sections contain N,e, = 100 Monte Carlo replicas.

?Notice that this value is perfectly consistent with the PDC [132] value as(Mz) = 0.1184 + 0.0007.
In addition, in Refs. [133, 134] a determination of as(Mz) at NLO and NNLO using the NNPDF2.1
parton sets [55, 56] has been performed finding similar values.
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y | M. [GeV] | M, [GeV] |

NNPDF2.3 V2 4.75
CT10 [24] 1.30 4.75
MSTW2008 [28] 1.40 4.75
ABKMO09 [50] 1.50 4.50
HERAPDF1.5 [26] 1.40 4.75

Table 6.2: The default values of the heavy quark masses used in NNPDF2.3 and in several
recent PDF sets.

| NNPDF2.3 |
NLO NNLO
Xt 1.12 1.13
(x*)£o,2 | 1.15£0.06 | 1.18 £ 0.05
(E)+op |217 £0.05 | 2.20 & 0.06
(Eyw) +op, | 215 £0.07 | 2.18 £ 0.08
(Byal) £0p,, | 2.21 £ 0.07 | 2.24 £+ 0.09

Table 6.3: Table of statistical estimators for the NNPDF2.3 NLO and NNLO fits with
Niep = 100 replicas.

6.2.1 Impact of the Higher Order Corrections

In this sections the inclusion of the NNLO corrections will be discussed. In Tab. 6.3 the
statistical estimators for the NNPDF2.3 NLO and NNLO fits are reported. It should
be borne in mind that the NLO fit has been obtained using the FONLL-A scheme,
while the NNLO fit using the FONLL-C scheme (see Sec. 3.1.2). In Tab. 6.3 x2, is
computed by comparing the average of the V¢, replicas to the original experimental
data, (x?) is instead computed by comparing each replica to the data and averaging
over replicas, while (F) is the quantity that is actually minimized, i.e. the error function
in eq. (5.16) and it coincides with the x? computed by comparing each replica to the data
replica it is fitted to, with the three values given corresponding to the total, training,
and validation datasets. The distribution of y? and Ei among the NNPDF2.3 NLO
and NNLO replicas are shown in Fig. 6.2. Notice that a value (E) ~ 2 is expected for
a good fit because, if errors are correctly estimated, the average standard deviation of
true values about the measured value should equal the total uncertainty, but replicas
are generated about the measured values, so their average standard deviation about the
true values should be twice the total uncertainty. It should be finally noticed that all
the statistical estimators reported in Tab. 6.3, and specifically the x2, are determined
using the tg covariance matrix, needed for a proper treatment of the normalization
uncertainties [87], and normalized to the total number of data points.

In Tab. 6.4 the x2, values for the individual experiments for both NNPDF2.3 NLO
and NNLO are reported along with the percent difference of the NNLO fit with respect
to the NLO one.

From Tabs. 6.3 and 6.4, it is evident that all the statistical indicators are quite
similar between NLO and NNLO. More in particular, the xZ, in Tab. 6.4 differ by less
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Figure 6.2: Distribution of x? (upper plots) and Et(f ) (lower plots), over the sample of
Niep = 100 replicas, for the NNPDF2.3 NLO (left plots) and NNLO (right plots) PDF sets.

than 10% for all experiments, except SLAC and CMS W electron asymmetry data (for
which NNLO is better) and the NuTeV, ZEUS F§ and LHCb W rapidity distribution
data (for which NNLO is worse). It is however interesting to observe that a very good
description of the HERA F¥ data is obtained at NNLO without the need of any ad hoc
cut as described in Sec. 6.1.1.

A one-to-one comparison for the NNPDF2.3 NLO and NNLO PDFs is given in
Figs. 6.3 and 6.4 at the input scale Q3 = 2 GeV?, in the basis in which they are
parametrized (see Sec. 5.2.1). In each plot the PDF central values are obtained taking the
average over the Nyep, replicas of each set while the error bands are given by the respective
standard deviations (see Sec. 5.3). A visual comparison confirms that NLO and NNLO
analyses lead to very similar results, but at the same time it also reveals some differences.
In order to precisely quantify the statistical significance of the differences between the
NNPDF2.3 NLO and NNLO PDFs, we plot in Fig. 6.5 the statistical distances at the
initial scale Q% between central values and uncertainties for each one of the parametrized
PDFs. We recall that the statistical distance d between two Monte Carlo samples, defined
in eq. (5.26), measures their departure in unit of standard deviations and an average
distance d ~ 1 corresponds to statistical equivalence while, for sets of Ny, = 100 replicas,
an average distance d ~ y/Nyp = 10 corresponds to one standard deviation difference.

It is evident that the NLO and NNLO sets are statistically non-equivalent, but differ
by typically less than one sigma (d < 10). This in particular means that the NNPDF2.3
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Experiment oo
NNPDF2.3 NLO [ NNPDF2.3 NNLO
NMC pd 0.95 0.95 (+0.0%)
NMC 1.65 1.63 (—1.2%)
SLAC 1.29 1.00 (—22.5%)
BCDMS 1.25 1.33 (+6.4%)
HERAI-AV 1.02 1.04 (+2.0%)
CHORUS 1.14 1.11 (—2.6%)
FLH108 1.31 1.22 (—6.9%)
NuTeV 0.44 0.57 (+29.5%)
ZEUS-H2 1.27 1.29 (+1.6%)
ZEUS F3 0.83 1.00 (+20.5%)
H1 F¥ 1.59 1.54 (=3.1%)
DYES86 0.46 0.49 (+6.5%)
DYEG05 0.82 0.83 (+1.2%)
CDF W asy 1.56 1.54 (—-1.3%)
CDF Z rap 1.70 1.86 (+9.4%)
DO Z rap 0.61 0.63 (+3.3%)
ATLAS W/Z rap 1.29 1.41 (+9.3%)
CMS W el asy 0.87 0.77 (—11.5%)
LHCb W 0.67 0.76 (+13.4%)
DO RII cone 0.78 0.82 (+5.1%)
CDF RII kp 0.78 0.74 (—5.1%)
ATLAS jets 0.84 0.80 (—4.8%)

Table 6.4: x2 values per data point for individual experiments computed using NNPDF2.3
NLO and NNLO. In the last column also the percent difference of the NNLO fit with respect to
the NLO one is shown.

PDF sets are quite stable when going from NLO to NNLO. The largest variations are
observed for the central values of the singlet distribution > and the total valence V' at
x ~ 0.2 + 0.4 where the distances reveal differences slightly above the one sigma level.
However, it should be noticed that PDF uncertainties are particularly small in this region
and thus relatively small changes in the central value lead to relatively more significant
distances. The small-z NNLO PDFs (z < 0.01), instead, are very similar to their NLO
counterparts. Finally, it is worth noticing that the distances for the PDF uncertainties
in right panel of Fig. 6.5 are all around d ~ 1 all over the x range. This is consistent
with the fact that the PDF error bands do not include theory uncertainties and only
reflect the experimental uncertainties which are common to NLO and NNLO fits.

In order to assess the impact of NNLO corrections on physical observables, it is useful
to compare NLO and NNLO PDFs for individual flavours at a typical hard scale. This is
done in Fig. 6.6, where the NLO/NNLO ratio is shown as a function of z at @* = 10%
GeV?2. The general picture does not change and the biggest differences are observed
for the light quarks and, correspondingly by evolution, for the gluon around x ~ 1073,
where the NLO and NNLO bands barely overlap.

From the comparison between NNPDF2.3 NLO and NNLO, it is clear that the inclu-
sion of the NNLO corrections has a visible but small impact on the PDF determination
and NLO and NNLO PDFs are (almost) always compatible within one standard devia-
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Figure 6.3: Comparison of NNPDF2.3 NLO and NNLO singlet sector PDF's.

tion. This leads to an important conclusion. As already mentioned, PDF uncertainties
only reflect experimental errors and do not include the theory uncertainties due to higher
perturbative orders, which could be estimated by varying the renormalization and fac-
torization scales. Alternatively, at NLO, an estimate of the impact of the higher order
corrections could be assessed by means of a direct comparison to the NNLO results.
This is exactly what has been done in this sections and the result shows that, at NLO
(and beyond), it is at present a reasonable approximation to neglect PDF theoretical
uncertainties, since they are usually smaller than the experimental ones.

6.2.2 Impact of the Heavy Flavour Corrections

To assess the impact of the inclusion of the heavy quark mass corrections, in this section
the baseline NNPDF2.3 NNLO set, which implements the FONLL-C mass scheme, will
be compared to two variants obtained employing the FFNS and the ZM-VFNS, described
in Chapter 2, as mass schemes.

In Tab. 6.5 the main statistical estimators for NNPDF2.3 NNLO FONLL-C, FFNS
and ZM-VFNS are compared. The total xZ., in particular, indicates that the description
of data provided by FONLL-C scheme is very good (xZ; = 1.13), the FFNS is instead
slightly worse but still adequate (x2,, = 1.16), while the ZM-VFNS turns out to be worse
(x2; = 1.26). The x? and FEj, distributions for NNPDF2.3 NNLO in the FFNS and in
the ZM-VFENS, to be compared with the lower plots of Fig. 6.2, are shown in Fig. 6.7.

In Tab. 6.6 the x2,, values for the single experiments are reported. As expected
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Figure 6.4: Same as Fig. 6.3 for the non-singlet sector PDFs.

from the global xZ.,, the differences between FONLL-C and FFNS are rather small and
typically below 10% with a few exceptions. In particular, data from SLAC, BCDMS,
ZEUS-H2, LHCb W and CDF RII jets are sensibly better described by the FONLL-C
scheme, while the ZEUS Fy structure functions are better described by the FFNS.

The differences between FONLL-C and ZM-VFEFNS are instead more pronounced. In
particular, the entire DIS sector is indeed much better described by the FONLL-C (see,
for instance, NMC and ZEUS Fy). On the other hand, as expected, the description of
the hadronic sector is in better agreement.

In the following, in order to find out the source of the differences, a more detailed
one-to-one comparison between FONLL-C and FFNS first and FONLL-C and ZM-VFENS
will be presented.
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NNPDF2.3 NLO vs. NNPDF2.3 NNLO
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Figure 6.5: Distances between the NNPDF2.3 NLO and NNLO parton sets shown in Figs. 6.3
and 6.4. All distances are computed from sets of N, = 100 replicas.
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Figure 6.6: Comparison between NNPDF2.3 NLO and NNLO light quark and gluon PDFs at
Q? = 10* GeV?2. The results have been obtained with Nyep = 100 replicas. All curves are shown
as ratios to the central NNPDF2.3 NLO result.

FONLL-C vs. FFNS

In Fig. 6.8 the distances between NNPDF2.3 NNLO FONLL-C and FFNS at the initial
scale Q3 = 2 GeV? are shown. It is clear that the two fits are statistically non-equivalent,
but differences are moderate, at the half sigma level (d ~ 5) or so, with the largest change
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| NNPDF2.3 |
FONLL-C FFNS ZM-VFNS
X2 1.13 1.16 1.26

(x*) +o,2 | 1.18 £ 0.05 | 1.20 & 0.05 | 1.26 + 0.05

(E) £op | 2204 0.06 | 2.21 £ 0.06 | 2.31 & 0.06

(Ey) £ 0p, | 218 +£0.08 | 2.21 & 0.08 | 2.27 + 0.08

(Eval) £ 0p,, | 2.24 +£0.09 | 2.27 £ 0.08 | 2.37 & 0.10

Table 6.5: Table of statistical estimators for the NNPDF2.3 NNLO fits with N,e, = 100
replicas n the FONLL-C scheme, FFNS and ZM-VFNS.
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Figure 6.7: Distribution of x? (upper plots) and Et(f ) (lower plots), over the sample of
Niep = 100 replicas, for the NNPDF2.3 NLO (left plots) and NNLO (right plots) PDF sets.

observed in the central values and with no significant change in uncertainties. The PDF
which varies most is the gluon: this is easily understandable given that the gluon is
mostly determined by scaling violations, which are different in the two cases. As a
consequence of the evolution, also the singlet ¥ and the total strangeness s™ present
differences of the same order.

For collider physics applications, the initial PDF's, regardless whether determined in
a GM-VFNS or in a FFNS [50, 23], are evolved upwards using the usual VENS evolution
equations. It turns out that this evolution amplifies differences between FONLL-C and
FENS PDFs. The amplification is demonstrated in Fig. 6.9, where the same distances
of Fig. 6.8 are shown, but now at the scale Q*> = 10* GeV? (relevant e.g. for W, Z
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Experiment Xt

FONLL-C | FENS | ZM-VFNS
NMC pd 0.95 0.96 (+1.1%) | 0.95 (+0.0%)
NMC 1.63 1.56 (—4.3%) | 2.35 (+44.2%)
SLAC 1.00 1.20 (+20.0%) | 1.05 (+5.0%)
BCDMS 1.33 1.50 (+12.8%) | 1.31 (—1.5%)
HERA1-AV 1.04 1.05 (+1.0%) | 1.42 (+36.5%)
CHORUS 1.11 1.08 (=2.7%) | 1.12 (+0.9%)
FLH108 1.22 1.24 (+1.6%) | 1.29 (+5.7%)
NuTeV 0.57 0.53 (=7.0%) | 0.62 (+8.8%)
ZEUS-H2 1.29 1.46 (+13.2%) | 1.31 (+1.6%)
ZEUS F§ 1.00 0.88 (—12.0%) | 1.22 (4+22.0%)
H1 Fy 1.54 1.52 (=1.3%) | 1.77 (+14.9%)
DYES86 0.49 0.51 (+4.1%) | 0.48 (—2.0%)
DYEG605 0.83 0.83 (+0.0%) | 0.81 (—2.4%)
CDF W asy 1.54 1.54 (40.0%) | 1.55 (+0.6%)
CDF Z rap 1.86 1.89 (+1.6%) | 1.97 (+5.9%)
DO Z rap 0.63 0.62 (—1.6%) | 0.65 (+3.2%)
ATLAS W/Z rap 1.41 1.37 (-2.8%) | 1.56 (+10.6%)
CMS W el asy 0.77 0.77 (+0.0%) | 0.76 (—1.3%)
LHCb W 0.76 0.92 (+21.1%) | 0.78 (+2.6%)
DO RIT cone 0.82 0.83 (+1.2%) | 0.86 (+4.9%)
CDF RII kr 0.74 0.99 (+33.8%) | 0.71 (—4.1%)
ATLAS jets 0.80 0.83 (+3.8%) | 0.89 (+11.3%)

Table 6.6: x2 values per data point for individual experiments computed using NNPDF2.3
NNLO FONLL-C, FFNS and ZM-VENS. In the last two columns also the percent difference
with respect to the FONLL-C fit are shown.
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Figure 6.8: Distances between NNPDF2.3 NNLO FONLL-C and FFNS. Distances are shown at
the scale Q? = 2 GeV? at which PDFs are parametrized, both between central values (left) and
uncertainties (right).

or Higgs production). While uncertainties are still unchanged, central values for some

PDFs (specifically the gluon and the quark singlet ) now differ by more than one sigma.
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The increase of the differences when evolving to higher scales can be understood as a
consequence of the fact that differences in the large-z region (where uncertainties are
large) at low scale lead upon evolution to high scale to differences in the small-z region,
where uncertainties are relatively small. In addition the coupled evolution between X
and gluon tends to amplify the differences even further. In Fig. 6.10 the most different

NNPDF2.3 NNLO - FONLL-C vs. FFNS, Q% = 10000 GeV?

Central Values Variances

dx,Q]
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Figure 6.9: Same as Fig. 6.8, but at Q2 = 10000 GeV?2. All PDFs have been evolved upwards
using the same VENS evolution equations.

PDF's between FONLL-C and FFNS are shown as a ratio to FONLL-C.

Having ascertained that the difference between PDFs obtained in the FONLL-C
scheme and FFNS is not negligible, one can ask what is the source of the difference.
In order to understand this, the statistical quality of the two fits needs to be carefully
studied [91]. In Fig. 6.11 we show the kinematic coverage of the DIS datasets whose
x? in the FFNS worsens (left panel) and improves (right panel) in a substantial way
as compared to the FONLL-C scheme. It is clear that the data with worse y? place
themselves mainly in the large-z region (z 2 0.1).

This is consistent with the behavior observed for the heavy quark structure functions.
In Fig. 6.12 we show the predictions for the charm structure function Fy as a function
of the energy Q? for four different values of « in the three mass schemes considered here,
i.e. FONLL-C scheme, FFNS and ZM-VFEFNS. It is clear that at smaller values of x the
three predictions are very close to each other over the whole Q? range considered. As
the values of z becomes larger, instead, the three predictions start to diverge and, while
at smaller values of Q? (< 10 GeV?) as expected the FONLL-C scheme is closer to the
FFNS, for larger values of Q% (> 10 GeV?) the FONLL-C and the FFNS predictions
markedly depart from each other.

In conclusion, the difference between FONLL-C and FFNS fits stems from data
placed in a particular kinematic region (large-Q and large-z) which, according to the fit
quality, are more accurately described by the FONLL scheme.

FONLL-C vs. ZM-VFNS

We now turn to the direct comparison between NNPDF2.3 NNLO FONLL-C and ZM-
VENS. In Fig. 6.13 the distances at the initial scale Q% = 2 GeV? are shown. In this
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Figure 6.11: Kinematic coverage of the experimental datasets whose y? worsens (left panel)
and improves (right panel) in the FFNS as compared to the FONLL-C scheme in the
NNPDF2.3 NNLO PDF determination.

case the departure is much more pronounced and in particular the medium-x gluons
differ by almost two sigmas. As already observed for the FFNS case, the discrepancy
results amplified at higher scales. Indeed Fig. 6.14, where the distances at Q> = 10*
GeV? are displayed, shows that at the typical collider energies the difference can reach
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Figure 6.12: Theoretical predictions for the charm structure function F§ as a function of Q2 for
four different values of x = 0.001,0.01,0.1,0.2 in the three mass schemes considered in this
section, i.e. FONLL-C scheme, FFNS and ZM-VFNS.
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Central Values

d[x,Q]

proimmmrmcm e

d[x,Q]

Variances

20

0.001

0.0001

0 : . 0
1e-05 0.0001 0.001 1e-05

Figure 6.13: Distances between NNPDF2.3 NNLO FONLL-C and ZM-VFNS. Distances are
shown at the scale Q% = 2 GeV? at which PDFs are parametrized, both between central values
(left) and uncertainties (right).

the 3.5 sigma level. In Fig. 6.15 the most different PDFs, 7.e. the singlet > and the
gluon, between FONLL-C and ZM-VFNS are shown as a ratio to FONLL-C.
The origin of the discrepancy between FONLL-C and ZM-VFEFNS can be traced back
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NNPDF2.3 NNLO - FONLL-C vs. ZM-VFNS, Q2 = 10000 GeV?
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Figure 6.14: Same as Fig. 6.13, but at Q? = 10000 GeV?2. All PDFs have been evolved upwards
using the same VEFNS evolution equations.
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Figure 6.15: Comparison between NNPDF2.3 NNLO FONLL-C and ZM-VFNS (ZM), displayed
as a ratio to FONLL-C at Q% = 10% GeV?, for gluon (left) and quark singlet (right) PDFs.

to the NC low-energy data. In fact, looking at Tab. 6.6, the experiments whose de-
terioration of x? with respect to the FONLL-C scheme is more pronounced are NMC,
HERA1-AV the H1 and ZEUS charm structure functions which contain indeed many
low energy data (see Fig. 6.16). Here, the absence of the power terms My /Q in the
ZM-VENS as compared to the FONLL-C scheme causes the gluon to be much softer in
the small-x region (z < 0.1) and consequently, due to the momentum sum rule, harder
in the large-z region. The low-energy inaccuracy of the ZM-VFNS as compared to the
FONLL-C scheme is also confirmed by Fig. 6.12, where the ZM-VFNS predictions for
Q? < 10 GeV? and more markedly in the larger-z region (x 2 0.1), where many of
the NMC data lay, tend to depart from the FONLL-C predictions with a consequent
deterioration of the x?.

6.2.3 Impact of the Threshold Prescription

Finally, we consider the impact of the threshold prescription introduced in eq. (2.50)
to damp down the potentially large subleading terms around the heavy quark mass
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Figure 6.16: Kinematic coverage of the experimental datasets whose x? worsens in the
ZM-VFNS as compared to the FONLL-C scheme in the NNPDF2.3 NNLO PDF determination.

threshold in the definition of the FONLL structure function. The explicit form of the
damping function implemented if the NNPDF2.3 fits is given in eq. (2.51). This is an
“artificial” factor introduced to keep under control potential numerical instabilities and
thus one can ask whether the inclusion of such an empirical factor has some impact on
the determination of PDFs. To this end the NNPDF2.3 NNLO fit in the FONLL-C
scheme has been repeated switching off the damping function (D,,(Q) = 1).

The distances between the NNPDF2.3 NNLO FONLL-C with and without the damp-
ing functions are shown in Fig. 6.17: it is evident that the two fits are statistically equiv-
alent. One can then conclude that the inclusion of a damping function has no visible
impact on the PDF determination.

NNPDF2.3 NNLO - Dump vs. no Dump, Q° = 2 GeV?

Central Values Variances

d[x,Q]
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Figure 6.17: Distances between the NNPDF2.3 NNLO FONLL-C with and without damping
factor give in eq. 2.51. All distances are computed from sets of N,e, = 100 replicas.
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6.3 LHC Phenomenology

Once the impact of the heavy quark mass corrections at the level of PDFs has been
assessed, in this section we turn to present some results relevant for the phenomenology
at the LHC at /s = 8 TeV.

As is well known, at a hadron collider the factorized observables depend on PDFs
through the parton luminosities [136], which can be defined as:

1 (tdx T
v00) = ¢ [ Tt of (Zx) | (6.2
sty x

where s is the center of mass energy of the collider, Mx is the invariant mass of the
partonic system and 7 = M% /s. In the following we will mostly consider gluon-gluon

luminosity ®4, and the total quark-antiquark and quark-gluon luminosities, respectively
defined as:

D= Y D7 and  Byy= > By (6.3)
i=U,...,T 1=U,...,L

These luminosities at /s = 8 TeV are plotted in Fig. 6.18 as a function of M, for
NNPDF2.3 NNLO FONLL-C, FFNS and ZM-VFNS; all normalized to the FONLL-C
central value.
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Figure 6.18: Comparison between NNPDF2.3 NNLO FONLL-C, FFNS and ZM-VENS parton
luminosities at LHC 8 TeV, displayed as a ratio to FONLL-C. The for the gluon-gluon
(top-left), the quark-antiquark (top-right) and the quark-gluon (bottom) luminosities are
shown.



6.3. LHC PHENOMENOLOGY 99

As expected from the direct comparison between PDFs, the gluon-gluon luminosity
®4y (upper-left panel in Fig. 6.18) is the most affected by the different treatment of
the heavy quark contributions. In particular, as compared to the FONLL-C scheme, the
FEFNS gluon-gluon luminosity is sensibly larger at smaller invariant values of the invariant
mass Mx < 100 GeV while it is smaller for Mx > 100 GeV, though still compatible
within the error band. The ZM-VFNS gluon-gluon luminosity, instead, behaves in the
opposite way, but the discrepancies both at small and large values of Mx are even more
enhanced and only in the range Mx =~ 100 = 200 GeV there is agreement with the
FONLL-C determination. Regarding the quark-antiquark luminosities ®,5 (upper-right
panel in Fig. 6.18), we observe a much better agreement all over the Mx range and
essentially both FFNS and ZM-VFENS are in agreement with FONLL-C within errors.
Finally the quark-gluon luminosities ®,4 (bottom panel in Fig. 6.18), driven by the gluon
PDF, have a very similar relative behavior as the gluon-gluon luminosity ®,.

In order to assess the impact of the mass scheme choice for PDF's in the hadronic
sector, in the following we will present the results for some benchmark total cross sec-
tions at the LHC 8 TeV comparing, when possible, the theoretical predictions obtained
with the NNPDF2.3 NNLO FONLL-C, FFNS and ZM-VENS sets to the most recent
experimental data.

We will consider the following observables:

e clectro-weak vector boson production total cross sections and the W* /W~ and
W/Z cross-section ratios at NNLO using the Vrap code [128].

e Top-pair production total cross section using the top++ code [137] which imple-
ments the full NNLO+NNLL corrections. The top quark mass is taken to be
M; =173.3 GeV.

e Standard Model Higgs boson production cross sections via gluon-gluon fusion at
NNLO as implemented in the iHixs code [138]. Here the Higgs mass is taken to
be Myiges = 125 GeV.

It should be stressed that all the errors associated with the theoretical predictions
presented in this section are PDF uncertainties only, thus they do not include oy as well
as theoretical uncertainties due to missing higher orders, usually estimated by varying
renormalization and factorization scales.

The numerical results for the electro-weak vector boson production are reported in
Tab. 6.7 and in Fig. 6.19 their graphical representation, along with the most recent
experimental measurements provided by the CMS collaboration [139], is shown. We
start noticing that all the theoretical predictions are in general good agreement amongst
themselves. This is a consequence of the fact that the quark-antiquark luminosity ®.4
associated with the ¢gg production channel, which is the dominant one in the electro-weak
vector boson production, is very similar for all the three PDF determinations consid-
ered (see Fig. 6.18). In addition, the predictions are in general good agreement with
data. Only the ratio o(W™)/o(W ™) seems to be slightly overshooting the experimental
determination and a difference at the two-sigma level is observed.

Now we turn to top-pair production for which the theoretical predictions are given
in Tab. 6.8 and the respective graphical representation, along with the experimental
value measured by CMS [140] and ATLAS [141], is shown in Fig. 6.8. The top-pair



100 6.3. LHC PHENOMENOLOGY
NNPDF2.3 NNLO
o(W*) [nb] [ oW )[mb] | o(Z)[b] [ o(W)/o(2) |a(WF)/a(W")
FONLL-C [ 7.027 £ 0.101 | 4.908 £ 0.073 | 1.126 £ 0.015 | 10.599 £ 0.031 [ 1.432 £ 0.012
FFNS | 7.209 + 0.095 | 5.047 + 0.064 | 1.152 + 0.013 | 10.637 + 0.027 | 1.428 + 0.013
ZM-VENS | 7.014 + 0.073 | 4.890 + 0.054 | 1.122 4 0.011 | 10.607 + 0.024 | 1.434 % 0.011

Table 6.7: Predictions for the inclusive cross sections for W and Z production at the LHC at

Vs = 8 TeV at NNLO using the Vrap code [128]

, obtained with the PDF sets NNPDF2.3

NNLO FONLL-C, FFNS and ZM-VFNS. All the uncertainties are one sigma and are due only
to PDFs. The branching ratios are understood.

LHC 8 TeV, Vrap 0.9 - NNPDF2.3 NNLO

LHC 8 TeV, Vrap 0.9 - NNPDF2.3 NNLO

6.5 5.3
6.6 - 52
6.7 | 1
T 68| 5 > +
= s gl
Qf 6.9 L ] gf [ ]
+E 7r + + 'E 49 | +
dor ©
° 7 48|
72t
75l 47t
L L L L 4.6 L L L L
FONLL-C  FFNS  ZM-VFNS CMS 2012 FONLL-C  FFNS  ZM-VFNS CMS 2012
LHC 8 TeV, Vrap 0.9 - NNPDF2.3 NNLO
1.2
1.18 |
1.16 +
T 114t
=
& 112t + + »
N
T 11t
1.08 |
1.06 |
1.04 ‘ ‘ ‘ ‘
FONLL-C FFNS  ZM-VFNS CMS 2012
LHC 8 TeV, Vrap 0.9 - NNPDF2.3 NNLO LHC 8 TeV, Vrap 0.9 - NNPDF2.3 NNLO
1 15
109 t 148 ¢
146 |
o 108 ~ 1447 +
S S I + +
T 107 f T 142
e N =~ 14
g 1087 ) ' L % 138
T 105 ° 136
. 134 |
104 ¢ 132 ¢
103 L L L L L L L L
FONLL-C FFNS  ZM-VFNS CMS 2012 FONLL-C FFNS  ZM-VFNS CMS 2012

Figure 6.19: Graphical representation of Tab

. 6.7 along with the CMS results [139].



6.3. LHC PHENOMENOLOGY 101

production at LHC 8 TeV is dominated by the gluon-gluon fusion channel [142], there-
fore the predictions are particularly sensitive to the gluon-gluon luminosity ®4, around
Mx ~ 2M; ~ 350 GeV. Looking at Fig. 6.18, it is evident that the ZM-VFNS gluon-
gluon luminosity in this region is much larger than the FONLL-C one which in turn
is larger but compatible with the FFNS determination. This is exactly the same trend
observed for the theoretical predictions in Tab. 6.8. However, given the large experimen-
tal uncertainties, at present all the determinations obtained with the three NNPDF2.3
NNLO sets considered here are in agreement with (at least one of) the experimental
measurements.

NNPDF2.3 NNLO

o(tt) [pb]
FONLL-C 252.8 + 6.1
FFNS 247.3 + 5.7

ZM-VFENS 267.7 £ 5.5

Table 6.8: Predictions for the inclusive cross sections for the Higgs production at the LHC at
Vs = 8 TeV at NNLO using the iHixs code [138], obtained with the PDF sets NNPDF2.3
NNLO FONLL-C, FFNS and ZM-VFNS. All the uncertainties are one sigma and are due only
to PDF's.
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Figure 6.20: Graphical representation of Tab. 6.8 along with the CMS results [140].

Finally, we consider the Higgs production via gluon-gluon fusion. The values for
the theoretical predictions are reported in Tab. 6.9 and their graphical representation is
given in Fig. 6.21. By definition, this observable is mostly sensitive to the gluon-gluon
luminosity around Mx ~ My = 125 GeV. From Fig. 6.18 we see that, in this particular
region, all the three gluon-gluon luminosities are in good agreement. As a consequence,
the predictions shown in Fig. 6.21 are all compatible within uncertainties. However, we
also observe that the FFNS luminosity is slightly larger than the FONLL-C while ZM-
VENS one is slightly smaller and, as expected, the predictions for the Higgs production
cross section in Fig. 6.21 follow the same trend.
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NNPDF2.3 NNLO

o(H) [pb]
FONLL-C [ 19.54 + 0.24
FFNS 19.84 + 0.20

ZM-VFNS 19.37 £ 0.22

Table 6.9: Predictions for the inclusive cross sections for ¢t production at the LHC at /s = 8
TeV at NNLO using the Top++ code [137], obtained with the PDF sets NNPDF2.3 NNLO
FONLL-C, FFENS and ZM-VFENS. All the uncertainties are one sigma and are due only to

PDFs.
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Figure 6.21: Graphical representation of Tab. 6.9.



Chapter 7

Summary and Conclusions

The present thesis was devoted to the study of the inclusion of higher-order corrections
and heavy quark mass effects in a PDF determination. This has been carried out in the
NNPDF framework resulting originally in the NNPDF2.1 sets [55, 56], which were at a
later stage supplemented by the first LHC data leading to the most recent NNPDF2.3
sets [29].

In Chapter 1 the concept of Parton Distribution Function (PDF) was introduced.
We have shown how the analytical computation of the Deep-Inelastic-Scattering (DIS)
process at order ay in QCD leads to initial-stale collinear divergences which, using the
factorization theorem, can be reabsorbed into the PDFs. This “relocation” of divergences
from hard coefficients (coefficient functions) to PDFs can be performed only at the price
of introducing an arbitrary scale pp, called factorization scale, on which both the renor-
malized coefficient functions and PDFs start depending. The requirement that physical
observables do not depend on pp, imposed by demanding the logarithmic derivative to
vanish, leads to the formulation of the DGLAP equation that regulates the energy de-
pendence of PDFs. The DGLAP equation is one of the most important ingredients for
the present PDF determinations. In fact, thanks to it, the energy dependence of PDF's
is fully determined and the task is then reduced to the determination of the x (Bjorken
variable) dependence.

In Chapter 2 a detailed discussion of the factorization schemes presently available
to include heavy quark mass effects into DIS structure functions has been given. It
emerged that there are two possible basic approaches to the calculation of the DIS
structure functions. In the first approach, the so-called Fixed-Flavour-Number Scheme
(FFNS), the calculation is performed retaining the quark mass of the heavy flavours
which provide a “natural” regulator for the infrared divergences. As a consequence,
there is no need to introduce a PDF for the heavy quark flavours so that the number
of active flavours is kept fixed and in particular it does not change with the energy. In
the second approach, called Zero-Mass Variable-Flavour-Number Scheme (ZM-VFENS),
the heavy quark masses are instead set to zero and this gives rise to the usual final-state
collinear divergences that are absorbed into the PDFs. In addition, in the ZM-VENS,
the number of active flavours is assumed to increase by one unity as the energy of the
process crosses the energy threshold of a given heavy quark.

It turns out that the FFNS provides an accurate description for energies around
and below the heavy quark mass while it deteriorates at high energies. The ZM-VFNS
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is instead more accurate when the energy is much larger than the heavy quark mass
thresholds and conversely it becomes less and less accurate as the energy approaches
them.

In order to obtain a factorization scheme that is accurate both at large and low ener-
gies, several prescriptions that interpolate between FFNS at low energy and ZM-VFNS
at large energy have been proposed and implemented in as many PDF fits. In Chapter 2
they have been described showing how they behave for different energy regimes. They
are: the ACOT, the TR, the FONLL and the BMSN schemes, more generally called
General-Mass Variable-Flavour-Number Schemes (GM-VFNS).

The topic of Chapter 3 was the implementation of the FONLL scheme, which is
the scheme adopted by the NNPDF collaboration. All the relevant formulas have been
derived up to order o2, discussing how a suitable definition of heavy quark structure
functions for both Neutral-Current (NC) and Charged-Current (CC) processes emerges
from the requirement of infrared safety in the limit of vanishing heavy quark mass. In
a second stage the formalism of the Mellin transformation has been introduced show-
ing how it provides a more analytical approach to the implementation of the structure
functions. In fact, the only non-analytical step required is the inverse Mellin transfor-
mation, which makes possible to go back from the N-space to the z-space. In addition,
this procedure requires the computation of the Mellin transform of all the expressions
involved, i.e. splitting functions and coefficient functions, up to the desired perturbative
order. Some of the higher-order coefficient functions were unknown and they have been
derived and benchmarked in Appendix A. Finally, the heavy quark structure functions
have been benchmarked.

In Chapter 4 the implementation of the MS heavy quark masses in the DIS structure
functions has been worked out. All the relevant formulas for PDF, oy and mass evolution
in the presence of MS heavy quark masses have been derived and benchmarked against
publicly available codes. In addition, the heavy quark coefficient functions, which are
commonly given in terms of pole masses, have been adapted to the MS and benchmarked.
The Mellin transform of the relevant expressions have been collected in Appendix B.

All the expressions presented in the previous chapters for the inclusion of the heavy
quark mass effects into a PDF determination have been implemented in the NNPDF
framework which thus needs to be properly introduced. Chapter 5 was then devoted
to the description of the NNPDF methodology. The main features of the NNPDF
methodology are the use of the Monte Carlo method for the treatment of uncertainties
combined with neural networks as basic interpolating functions.

The PDF sets resulting from the implementation of the FONLL method up to order
a? in the NNPDF framework have been finally presented in Chapter 6. In the first place,
a description of the dataset included in the fits has been given. Secondly, the impact
of the inclusion of the order a2 corrections has been assessed comparing the NNPDF2.3
NLO set, obtained using the FONLL-A scheme, to the NNPDF2.3 NNLO set, obtained
using the NNLO. It emerged that the NLO and the NNLO sets, though statistically non-
equivalent, give rise to only moderate differences. In particular, it turned out that the
inclusion on the order o corrections in a PDF determination based on a global dataset
has presently an impact which is typically smaller than the experimental uncertainties.
As a consequence, we could conclude that neglecting the systematic uncertainty due to
the higher order corrections is presently a good approximation for NLO or higher PDF
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determination.

We then turned to the impact of the heavy quark mass effects in a PDF determina-
tion. To this end, we have compared the NNPDF2.3 NNLO fit obtained in the FONLL-C
scheme, the FFNS and the ZM-VFNS, which include heavy quark mass effects in three
different ways. Based on the quality of the fits, we observed that the FONLL-C scheme
provides the best description of data. In order to spot the sources of the differences, we
have also performed the one-to-one comparisons FONLL-C vs. FFNS and FONLL-C vs.
ZM-VFENS. In both cases it emerged that the differences arise from data placed in spe-
cific kinematic regions. In particular, the FFNS as compared to the FONLL-C scheme
provides a worse description of data placed in the large-z and large-energy region while
the ZM-VFENS is not able to properly describe the low-energy data.

After having ascertained that the implementation of the FONLL scheme in a PDF
fit leads to an improvement in the accuracy, we turned to study some phenomenological
implications of such a determination. The theoretical predictions for some of the stan-
dard candles at the LHC 8 TeV, that is electro-weak vector boson production, top-pair
production and Higgs production via gluon-gluon fusion, have been evaluated using the
most up to date public codes using the NNPDF2.3 NNLO fits in the three different mass
schemes discussed above and compared, when possible, to the most recent experimental
measurements. The essential outcome of the comparison is that the present accuracy of
LHC measurements is not enough yet to discriminate between different mass schemes.
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Appendix A

Massive Coefficient Functions
Mellin Transform

In this appendix we collect all the analytical results for the Mellin transforms that has
been possible to derive for the massive coefficient functions.

A.1 NC Processes

We first consider the NC processes. In this case, the first non-vanishing massive con-
tribution is given by the order oy diagram shown on the left side of Fig. 3.1, which is
proportional to the gluon density. Moreover, in FFNS this is the only contribution of
order o, to the structure function.

We will first evaluate the Mellin transform of the order a; coefficient function con-
tributing to FQH " and then to the longitudinal component Ff T After that we will
take the limit My — 0 of the massive expressions in order to obtain the Mellin transform
of the order oy coefficient functions for £ and F}™°.

A.1.1 Order o,

The explicit expression of the order ag massive coefficient function for the gluon con-
tributing to FQHFF is given in eq. (50) of [47] and we report it here:

CzFP;(l) (2,Q,Mp) = 60(a—=z) TR{ [2(1 — 6e — 4€%) 2% — 2(1 — 2€)z + 1] In 1 v
’ —v
+ [—4(2—e)z2+4(2—e)z— 1]0},
(A1)
with: ,
_ My _ z 1
€= —5, v_ﬁ T and a:71+x, (A.2)
being:
4M?
X =de=—t (A.3)
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Now we want to transform the above coefficient function in the Mellin space. In
practice, we must evaluate the following integral:

1 a
Oy (N, Q, My) = /0 dz N1y (2,Q) = /0 dzN oW (2,Q) . (A4)

where in the r.h.s. we already let the 6-function act.
At first, let us deal only with the first line of eq. (A.1), i.e. the term proportional to
the logarithm. We are essentially dealing with integrals of the form:
Zth 1
I,(N) = / dzzN"1291n v , (A.5)
0

1—w

with ¢ = 0,1, 2.
Now we perform the following change of variable in eq. (A.5):

t=" = s=at = dr=adt = {z:0—>t:0 , (A.6)
a z=a — t=1
so that:
v=(1-t)"21 —at)"V/2. (A7)
Therefore I,(N) becomes:
! 1
I,(N) :aNQQ/ dt tN Tt <+”> : (A.8)
0 1—-w
The integral above can be integrated by parts and to this end we need:
iln I+v) @iln 14w
dt 1—w  dtdv 1—w
1 1—a 2(1 — at)
I A9
(g ae) (o) @9
_ ! !
o t(1=H)Y2(1 —at)¥/?’
thus:
I,(N) = ol /1 AtttV — )TV — at) T2 (A.10)
a N + q.Jo ' .

But, since the Gauss hypergeometric function has the following integral representa-
tion(1):

B 1
oF i (a,b,c;2) = F(b)g‘((c)—b)/o dea® 11— 2) 711 — za) 72, (A.11)

!'Note that this integral representation of the hypergeometric function converges only if Re(c) >
Re(b) > 0 and |arg(1 — z)| < . The first condition is needed to ensure the convergence of the integral
at 0 and 1 and also to avoid the poles of the functions, while the second is needed to avoid the crossing
of any cut in the complex plane.
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we can match egs. (A.10) and (A.11) obtaining:

b—1=N+gqg-1 a=1
c—b—1=-1 = b=N +gq : (A.12)
a=3 c=N+qg+3=a+b

so that we get the following close form:

B aN e F(N+q)F(%) P <
T N+qT(N+g+H)H"

1 1
I,(N) - N+q,N+q+ ;a> . (A.13)

It follows that the Mellin transform of the first line of eq. (A.1) is:
Tr{2(1 — 6e — 4€*)[o(N) — 2(1 — 2¢)I1(N) + Io(N)} . (A.14)

Now, we consider the second line of eq. (A.1). In this case we should solve the
integrals:

(A.15)

Zth Zth
Jq(N):/ dzlezqv:/ dzzN71 24 1_X1_
0 0 <

with ¢ = 0,1,2. Once again we perform the following change of variable:

t="2, (A.16)

a

so that, considering eq. (A.7), we have:
1
Jy(N) = aNaq/ dt NI — )2 (1 — at)'/? (A.17)
0

which can be written as:

1

Jy(N) = aNaq{ / dt etV — ) 7V2(1 — at)/?
0

(A.18)

1
- /dttN+q(1—t)_l/z(l—at)l/Q}.

0

which in turn, given eq. (A.11), reduces to:

1 1
Jo(N) = oIy <2,N+q,N+CJ+2§a>

1 3
— Fi(=,N+qg+1,N+q+=;
T(N+q+3) ° 1<2 ! ! 2a>}

(A.19)
N JLTIN+9T(5)

1 1
= Vel (2 N4 g, N+q+2ia
F(N+q+;){2 1<2 G AT >

1 3
- — R (2,N+q+1,N+q+2;a) }
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Finally, The Mellin transform of the second line of eq. (A.1) takes the form:
Tr{-4(2—¢€)J2(N)+4(2—¢€)Ji(N) — Jo(N)} . (A.20)

At the end of the day we have that the final expression for the order «; massive
gluon coefficient function for F2H " in the Mellin space is:

CrgV (N, Q, My) = TR{2(1 — 6e — 4e*) I (N) — 2(1 — 2€)I1(N) + Io(N)
(A.21)
— 42— €)a(N) +4(2—€)i(N) — JO(N)} '

Notice that the arguments of both the hypergeometric functions contained in I,(N)
(eq. (A.13)) and J,(N) (eq. (A.19)) are such that ¢ = a + b. This is useful for numerical
reasons. In fact, as we will show below, the code responsible for the evaluation of the
hypergeometric functions can be made much more efficient if the assumption ¢ =a + b
is taken.

Now we consider the order a; massive coefficient function for the gluon contributing
to F f " whose explicit z-space expression of can be found in eq. (7) of Ref. [75] (up to
a factor 4mez) and reads:

1
C[Fj‘g’(l) (Za Q7 MH) = H(CL — Z) Tr —852;2 In 1 +v

—4z2%0 + 4zv| . (A.22)
—v

Using the results obtained for FzH " the evaluation of the Mellin transform of the
expression is straightforward and gives:

C1 W (N, Q, Myr) = Tr[8elo(N) — 4J5(N) + 4J1(N)] (A.23)

where I;(N) and J,(N) are given in egs. (A.13) and (A.19), respectively.

In order to check the correctness of the results given in eqs. (A.21) and. (A.23), we
have compared their numerical inverse Mellin, using the inversion algorithm based on the
Talbot path presented in Sec. 3.3, with exact xz-space expressions of Ref. [64] obtaining
an excellent accuracy. As an exa(n%ple, Fig. A.1 shows that the relative accuracy of the
1

numerical Mellin inverse of C g with respect to exact x-space expression is always
9,

better than 1076 all over the range in z.

Implementation of the Gauss Hypergeometric Function

As we mentioned before, we have written the result for the Mellin transforms of the
order ay NC gluon massive coefficient function in terms of the Gauss hypergeometric
functions having the form 9F}(a,b,a + b;z). Moreover the rightmost argument of all
the hypergeometric functions entering the expressions for I,(N) in eq. (A.13) and J,(N)
in eq. (A.19) is always a (defined in eq. (A.2)) which is evidently a real variable such
that 0 < a < 1. Therefore we need a numerical implementation of the hypergeometric
function 9 Fi (a, b, ¢; z) such that ¢ = a+ b which is accurate on the interval z € (0,1). To
this end, we have implemented an “hybrid” routine that makes use of the hypergeometric
series:

2Fi(a,bz) = 3 O 2 (A.24)

n=0
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Q% = u® = 10000 GeV?, M;? = 2 GeV?
-6
10

107 F

AC, o " V(x,Q, My 1)

10°® 104 1078 102 107

Figure A.1: Relative accuracy of the numerical Mellin inverse of C;E’(l) in eq. (A.21) with
respect to exact x-space expression of Ref. [64].

where (), is the so-called Pochhammer symbol defined as:

(T)n = W (A.25)

which converges for |z| < 1 and is accurate for z ~ 0, and the expansion of 5 F}(a, b, a +
b; z) around z = 1 [143] that reads:

L(a+b) <~ (@)a(b)n

2Fi(a,b,¢2) = F(a)F(b)nZ:;) e 2en 1) —datn)

— Y(b+n)—In(l-2)](1—2)",

(A.26)

which is indeed more accurate for z ~ 1. In our implementation we use the expansion
given in eq. (A.24) for z < 0.1 and the expansion in eq. (A.26) for z > 0.1 and in both
case we take the first 81 terms of the series. This provides an approximation for the
hypergeometric function which is accurate enough all over the needed range.

Zero-Mass Limit

Once the order ag gluon massive coefficient functions have been Mellin transformed,
we need to do the same for the respective the zero-mass limit coefficient functions. To
this end, there are two possible ways: either we directly take the limit My — 0 of the
N-space expressions of the full massive coefficient functions, or we first take the limit
My — 0 of the z-space expressions and then we transform them in the Mellin space.
Of course, the two approaches must lead to the same result, but we take the second one
because, from a computational point of view, it is much simpler. However, as a cross
check we have verified that for the easier case of C?g’(l) they actually give the same
result.
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Using the definitions given in eq. (A.2), in the limit My — 0 we directly have:

e — 0
MHHO

Vo L (A.27)

a — 1
MHA)O

while one can easily show that:

In <1+”> g W @0-2) (A.28)

1—w M%Iz
Therefore, in the zero-mass limit, eq. (A.1) is given by:

Q2(1 —2)

mHz

TR{ <ln Qj — 4> <ln @ 4) z
my my

O (2 Q. My) = T [(2 ~2+ 1)k

—(82% — 82+ 1)]

(A.29)
Q2 2
+ (In— —1)+22In(1 —2) —2zIn(1 — 2)
m
+ In(1—2)—22°Inz+2zlnz — lnz} ,
while the zero-mass limit of eq. (A.22) is:
O (2,Q) = Tr [~422 + 42] | (A.30)

It is interesting to notice how both the zero-mass limit of the massive coefficient func-
tions in egs. (A.29) and (A.30) correspond exactly to the order ag ZM-VFNS coefficient

functions (cf. eq. (3.276) of Ref. [14]) plus, in the case of C’2F,};O’(1), a collinear logarithmic

divergent term proportional to the splitting function Pég) (). This structure was ex-
pected from eq. (2.48) and is the consequence of the absence, in the FFNS, of the heavy
quark parton densities that would reabsorb this divergence by means of the DGLAP
evolution.

The Mellin transform of eq. (A.29) is:

oW (N,Q,My) = Tg [2 (mQQ - 4) Loy <1 Qi - 4) L

2,9

ml ) N+2 m2 ) N+1
Q? 1 S1(N +2) Si(N +1)

In—=—5-1)—--2 2 A.31

- < m: )N T Nt2 TTTN+1 (A.31)

S1(N) 2 2 1
TN TN vy +N?]
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but since: )
N4+1)= N _— A.32
S1(N +1) = 51 ( >+N—|—1’ (A.32)
and: ) )
Sl(N+2):Sl(N)+N+1+N+2 (A.33)

we finally have:

1 Q2 1 Q? |

Q? 1 2 2 1
o 4+1) = — B A.34
+ <1nm%+ NS et T W (A.34)

2 1
(N+JXN+2)+AW]

The Mellin transform of eq. (A.30) is instead much simpler and it is:

FFo,(1) o o 4 4
o (MQth[N+2+N+J. (A.35)

A.1.2 Order o?

. . . FF,(2 FF,(2 H,
The complete order o x-space massive coefficient functions Cy, @ and € I Z.( ) for F, o

and F f " was computed long time ago in Ref. [64]. However, they are given in a semi-
numerical form and thus analytic results for their Mellin transforms are impossible to
obtain. A very efficient method to represent higher order functions to high precision,
employed in Ref. [75], consists in the MINIMAX-method. This method is very similar to
what is usually done for higher order splitting functions and ZM coefficient functions. In
particular, the exact x-space expressions are fitted with a simpler function that is easy to
transform in the Mellin space. The MINIMAX-method uses the following parametrization:

K

C (@, Q. My) = (v — )™ Y bi(a)a® (A.36)
k=0

where K is the order at which the series in eq. (A.36) is truncated and it is typically
K =14 and:
Q2

Q%+ 4M3F -

The coefficients by (a) are then determined fitting the parametrization in eq. (A.36) to
the exact expressions for a discrete set a values of a that spans a wide enough range
(a € [0.4,10%]). Then the result for a generic value of a is evaluate by linear interpolation.
The exponent k is not fitted but appropriately chosen case by case.

a (A.37)

The functional form of the series in eq. (A.36) is particularly suitable because, in-
cluding the kinematic f-function 6(a — z) that reduces the phase space available for the
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final state in presence of two massive particles having mass My, its Mellin transform is
given by:
K
C™ (N, Q, Mp) = bi(a)a" ™ "B(N +k,1— k). (A.38)
k=0

Here, B denotes the Euler S-function which can be conveniently written in terms of
I'-functions as:
DN+ RI(1—k)

BN +k1-n)= I(N+k+1-r)’

(A.39)

and, since the I'-functions can be iteratively evaluated using the identity I'(z + 1) =
al'(x), this provides a particularly fast algorithm to be implemented in a numerical
code.

As an example, in Fig. A.2 we show the relative accuracy of the numerical Mellin
inverse of 0571;’(2) as parametrized in Ref. [75] with respect to exact z-space expression
from of Ref. [64]. As one can see, the accuracy is pretty good and totally adequate for
the precision required by the present experimental data.

Q% = u® = 10000 GeV?, M,;? = 2 GeV?

107!

102 | 1

AC, o P x,Q M)

-4 L L
10
10 10 102 10"

Figure A.2: Relative accuracy of the numerical Mellin inverse of C; i’@) of the parametrization
given in Ref. [75] with respect to exact z-space expression of Ref. [64].

Zero-Mass Limit

Now we turn to the order a2 massive heavy quark coefficient functions in the zero-mass
limit. These asymptotic coefficient functions were first computed in Ref. [144] in z-space,
but their explicit Mellin transforms were not available yet.

In order to perform the Mellin transformation of those xz-space coefficient functions,
it is convenient to rewrite them in terms of independent Mellin integrals which we can
then tabulate. Following the notation introduced in Ref. [144], we first consider the
gluon coefficient function for F7*°. The corresponding Mellin transform can be written
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as:

CFFO,(Z) ( sz ,LL2> _ |: const Q Q72 (M LQ .

g N, TPARYE) ATR |CLy™ (N) + CF ,(N) In ) CL’g(N)lnMEI
(A.40)

The coefficient function has been separated into three terms: a Q*-independent term
C"t(N), a collinear logarithmic term C%(N) and a factorization scale variation term
CH(N) that comes from taking @ # p. A similar decomposition will be performed for
all the following coefficient functions.

The individual terms can be written as:

e —0r (A" - A+ BAD + 840 50 a0
DD o) (AP a0 a0 1 124D
Sl b b 0
ALY A0 A0 T ]

+Ca [164%) +164%) - 3240 +16¢(2) A7 - 434(" + 1647

+8A0 — 841 4 24400 + 840D —8A _ 724V
+282 4 4 8A0) 46440 — 10447 — 840D 4 840
+18 4 - 2040,

(A.4la)

e, =Cr [34 4440 +a4() — 84|
+Cy _16A511) — 1647 — 32450 4 840D —gAl" (A.41D)
1 2

—40A{" + 1643,

cr . =Ca [1640 1642 — 32400 4 847D —gA

- A.41€)
1 36 4(2 (
—40A§ )+ —1§6A§ )},
where the Ag\lf) are the independent Mellin integrals:
Ag) = A, (N +1). (A.42)

Those for which we will use closed-form analytic expressions are collected in Tabs. A.1
and A.2. Some of these Mellin transforms were already computed in Ref. [145] and are
repeated here for completeness. The remaining terms, for which we will use numerical
approximations, are evaluated at the end of this section.
The quark coefficient function for F7"° can be similarly written as:
2 2

oo (@ 1N g COBSt(N) + CP (N)In-2- — CF (N)In -
Lyg ,MI%I7 MI2{ — %R |YLyg Ly MI%I L,q

where:
cgmst =cp | -84l -84 +-84() + 547V — 84 + 1947

0 1 2 —1 0
+8AS ()1)— 8AY >(2—) 16457 — 840D 1 840 (A.44a)
—RAY + B4 ]’
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n fn(z) An(N) = M[fn(2)](N)
1 1 %
2 In(2) _%
3 n?(2) %
4 In(1 - ) _Slj(vf\f)
5 In’(1 — z) Sf(N)]J\;Sz(N)
6 In(z) In(1 — z) 51]82\7 ) |, SN )N —¢(2)
8 Lig(1 — 2) _Sz(N)N* ¢(2)
10| Lis(—2) + In(2)In(1 + 2) _% _ & {52 (N; 1) s, (;Vﬂ
11 In®(2) _%
12 In?(2)In(1 — z) % {C(?)) + Cj(\f) - Slj\(g) - ng(VN) — Sg(N)]
3| 0 — (l — 2] — L — ) 5,(N)50N) ~ SN + 5:) = )
) o o+ c@si) - o 80 + 5200
~SH1N)S(V) - $1(V)
15 S1a(1 - 2) — 3 185() - @)
S R
18 (1 — 2) _S{’(N)+351(NJ)\}S‘2(N)+253(N)
19 Liz(—2) —32](5’) - g]@ - h]l\g) - zjlvg [51 (N; 1) _ (;V)]

Table A.1: Elementary transforms used for the computation of the Mellin transform of the
order a2 NC zero-mass limit of FFNS coefficient functions.

R, = Ct = Cr| -840 + 5477V — 84 + 1940,

(A.44D)
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n fal2) An(N) = M[f(2)](N)
1 [2 N-1\ 1_ /(N—-1\ 4In()
o [N\ T ) T )* N J

20 | In(z)Liz(—2) 1 o N 1 N
tonz (v T T2 2

12 N -1 1 N—-1\ 1_. /N—-1\ 4mn(2)
m{msl( 2 >+NS2<2 >+253< 2 )* NQJ

1 2 N 1 N
QN{N?Sl <2) A (2) "

21 | In(2)In(1 + 2)

23 | In(z)Lis(1 — 2) %[SQ(N) —¢(2)] + %[SJ(N) —((3)]
27 <1fz)+ SN~ 1)
0 <1HJ(L1_ZZ)>+ %Sf(N 1)+ %SQ(N -1)
2 | ) S2(N = 1) = ((2)
1’12 —zZ
30 (11(12>)+ —%Sf(N—l)—Sl(N—l)Sg(N—1)—§53(N—1)
| ) ~2[S(N 1)~ ¢(3)
32 m(z)lln_(lz_ 2 ((3)+ 2SNV = 1) = $1(N = 1)Sa(N = 1) = S5(N +1-1)

Table A.2: Continuation of Tab. A.1.

Finally, the gluon radiation coefficient function for F;"°, that is the massive coeffi-
cient function associated to the diagrams in Fig. 3.2, can be written as:

i (0 € ) e s o @]
’ M M ’ ’ M
where:
Cpm - oo f 2P AR, (s
and:
CF o = CriAll. (A.46D)

Let us now turn to the F5*° heavy quark coefficient functions. In comparison to the
longitudinal structure function, there are extra pieces C2?(N) and CHQ(N) arising from
the double collinear logarithm.
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The gluon coefficient function for F5*° can be written as:

cgro ) < N, &Z, “22) = 4Tg [cgj);st(zv) +C32(N) In? i; +CP(N)In Q—Z
) MH MH ’ MH ? MH
2 2 2
7 p Q
(A.47)
where:

st = Cp [4( - 2Bf; - 2%(2)Bf; + Bf, - 3BY)

+2(—4B;; — 2B;, + 12B1g + By — 5By, + 2B, + By,
—4By +4¢(2)By — 1By, +3B;) +2(442 —245) + A
a0 A ical? 1 1
+4¢(2) AP — AY 11149 4 3248 + ¢(3) (284"
—24A1 44847y — 284" 4 3645 + L AP + 244
+3§A% + ?A% + C(2)((21)2A§0)(0)— 532A§2)+ 26A§2)+ ‘?AEZ?
+74" )(—) 334 )(+)24A§ ) —(%A;‘ ) (_)1;58/1; >(J)r 34 4V

2 —1 0 1 2
1A+ AT - BRAY + F A + A }
(A.48a)

+Cy [4(024 — Co5 — Ca6 + 2Ca1 + 3Cx0)

+2(5(A%)))+ 2A%) +(AD + 240y — 34 + 240
+C(2)(Ar7 +2477))
+8(2A4) + ALy —16A0) + 24 — 44 +124(Y) — 44

0 1 2 0 1 0 1
—2A§2)2— 1645 + 4A§2)1+ 4A%) + 1645 - §(12)(10Ai2) — 124
+16A7) + 241 444 — ¢(2)(44 + 4045 — 84
—¢(3)(341 + 144 4 24Py — 84D —124() 4+ 44
+5243) 4 16400 4540 1640 + 204
—¢(2)(8A Y + A0 4 5240 — 199 430y 4 440
—7248) 4 7347 + 445 — 348 p16al) - 1074
+46AY) — ST AL 4 52 A1 28 410 215 4(1) 749 4(2)

3 9
+ AL 4 8345 — 145 4(2) 4 20 471y 283 4(0) 4 65 4 ()

2
)
(A.48b)
39 =cr 240 —44P 1447 - AD + 2400 — 44D - 14D 1 240
+Ca 249 — 24P 24P 4240 4840 4 440D 4 A0 4 gaD
(2)
_%1‘41 ] )

(A.48c¢)
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g, =cp 240 —a4l) - (34 — 164" +164()¢(2) - 64"
+1248" 1645 4+ 440 —84L) 484 4241 — 44V
+847 — 740 + 2441 — 2042 1240 — 1240 4 204
+94{" — 174 + 44|

(A.48d)
+Cx |- 44 - saly) - 847 + 440 + 164"
—(4AY £ 84D ¢(2) + 24400 — 84D 4240 — 44V
+4AP — 24 — 12400 4 840 240 4404V — 1314
—48A 5048 4 52470 _ 55 4(0) _ 92 4() 4 407 4 @)
cL, =Ca [4A§°> +1640 — 449 —84W 4 84Dy (2) + 244
oA s Al oA s 3AT
—24; 2+ 484, - 1884, - 245" — 644, ,
- 1
6240 4 4400 43 400 _ 242 4(1) 281 4 )},
88 =Ca 1A A 8D A9 1A R 20
1 2 .
164l — 8243
where:
Bf = AW 4240 + A® and ¢, =AY 1240 4242 (A.49)
The quark coefficient function for F5™° can be written similarly as:
2 2 2 2
,(2) Q Y _ cons 2Q Q Q
CQF};O <N, M712{7 ]\@) = 4Tg [027(1 Y(N) + Cyq(N) In? Migl + O3, (N) In M—?{
2 /‘LQ Q2
— ot (NI P — o Ny I P =
CQ,q( ) n M?] CQ,q( ) n M[Q{ it M[?I )
(A.50)
where:

st =Cr [8(AR) + AR) + (4] + A) +2(4F + A7) - 4(4) + A1)
0 1 0 -1 0 1
SR+ AL+ 34 + AD) — 3G 5 54l
—8AR 1640 4440 a4V + 842 — ¢(2) (847 4440
+4A0 64PN 1 gAY 4T 4 A Al 4al)
HOA%B ) 4Ag2)<$ 592‘4‘(*_3) y 53214&0)(5 s <_1>196Af) +<2>730Aé0)
~2240) - 184D + 24D + 40 - 4D 4 2840,
(A.51a)
39 =cr 240 +240 + 4470 + 4P — AP - 44D, (A.51b)

g, =cp 140 +440) + 440 + 44l — 44 — 24() + 547V
+2A§f(>1)— 2A§f>(2—) SAY 1A 4 2AY 240 (A.51c)
+4T'?A1 - 1?6‘41 }7
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cy, =Cp [4A§;0) + 440 440 444l — 24 240 4 84
1240 24 — 84 240 _ 1040 484 4440 (A514)
AP+ 440+ Fa)]
Ch9 =cp [4A§°) AN £ 84D L 2A0 _gu(l) §A§Z>]. (A.51e)

The gluon radiation coefficient function for F5™° can be written as:

FF0,(2) Q2 /1’2 const 2Q 2 Q Q2
CQ,GR N, W’Mz = 4Tg C2,GR( )+ CQGR( ) In M2 C2GR( )lnm )
H
(A52)
where:
Csust =Cr |- 3(AR +4R) - X2 240) - 4P - A<”> — 448 + AR)
+3(245) — 50 A4 >+A(° + A - B4 — AP - AD)
+‘f§<(A)(°> + A s (2457 f)) éi”) A+ A
_%A2 23A + A - %Al C( Ly 23665]
(A.53a)
3%, = Cr[4(248) — AP — aD) + 4], (A.53D)
0 0 1 0 0 1
B =Cr [{0A9 4D AD) - BoAD a0

0 2 0 1) 8¢(2
—4(AQ + AD) + 34D + AP - X2 ),

In addition to the elementary Mellin transforms listed in Tabs. A.1 and A.2, the
coefficient functions also contain terms whose Mellin transform is known in closed form.,
but is expressed in terms of generalized harmonic sums S;, ;. (N). Given that, at
the best of our knowledge, no numerical implementation of the functions S;, ;. (N),
for N € C, exists, we have evaluated the Mellin transform of these functions through
suitable numerical approximations. The z-space expressions whose Mellin transform has
been implemented in an approximate way are the following:

fi6(2) = 2Lia(—2) In(1 + 2) + In(2) In*(1 + 2) + 251 2(—2), (A.54a)
fa2(z) = Liz(1 - 2), (A.54b)

foa(2) = Lis <1+z> — Lis (—Lj) (A.54c)

fos(2) = (2) In(1 = 2) In(1 + 2), (A.54d)

fo6(2) = In(1 — 2)Lig(—2), (A.54e)

fa3(2) = Lul(l_;z) (A.54f)

We will consider one by one each of these functions.
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In order to determine the Mellin transform of eq. (A.54a), we use eq. (32) of Ref. [145],
which can be written as:

Aw(N) = M[fis(2)|(N) = % Zlq)_izz) _C(Q)Jifn(z)—i—i(if)
(A.55)
1 zan(z) ¢(2) z
- mM[ T+- }* N M[Hz]'

The last two Mellin transforms of the r.h.s. of eq. (A.55) are respectively(?):

W ABER) @)

W AR sG] e

The Mellin transform of the term involving the special function ®(z) in eq. (A.55) is
instead given in Ref. [145] in terms of the generalized harmonic sum 57 2(V). We instead
rewrite it as:

and:

() L\, kG
Trs kzlakz D(2), (A.59)

where the values of the coefficients aj, are determined by fitting the polynomial 2,16021 ap 2"

to the function z/(1 + 2) on the unit interval. One can then use the Mellin transform of
the function z*®(2), which reads:

M43 (2)] = (Nik)g) 2(N1+ 5 [52 (1”2’“_1) 5 (W)} (A0

+

The desired Mellin transform Aj;(N) is immediately found combining egs. (A.57),
(A.58), (A.59) and (A.60).
In order to determine the Mellin transform of eq. (A.54b) we use the expansion:

x Kk
Lis(z) =Y % (A.61)
k=1
It follows that:

Aga(N) = M[far(2)](N) = > = N1 = 2)Mdz, (A.62)

k=1 0

2In general:
In™ 1 n+1 | N -1 N

MR = e s (55 - (3)] (656

This Mellin transform is superficially different from the Mellin transform number 15 in Appendix of
Ref. [145], but they turn out to be equivalent after suitable simplifications. This apparent difference
is also responsible for the mismatch between entries 13, 28, 43, and 62 in the Table in Appendix of
Ref. [145] and entries 17, 21, 20 and 19 in Tabs. A.1 and A.2, respectively. For the same reason entries
number 4 and 57 of [145] look different from our egs. (A.57) and (A.60).
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but:

b one CD(ND(k+1) k!
/0 (1~ 2)de = I(N+k+1) (N+k). (N+1N’ (A.63)

so that:
k!

Az (N Zk3N+k (N +1)N

(A.64)

In our implementation we have truncated this series at k = 30.
Next, we turn to the Mellin transform of eq. (A.54c). In this case we fit the function:

10
glz) = (1= 2" et (A.65)
k=0
to the function fo4(z). However, one can show that:

F24(0) = Lis(1) — Lis(~1) = 1(3) = ev (A.66)

so that ¢g is fixed, and we only have to fit:

g(z) = (1—2)° [ +chz ] . (A.67)

The Mellin transform of eq. (A.54c) follows immediately:

10 1
Aos(N) = Mfu(2)(V) = 3 i / NHL(] 1,
k=0 0

_ Z Ck (N+Ek)...(N+1)N
N+b+l+k) AN+b+1)
(A.68)
In order to determine the Mellin transform of eq. (A.54d), we use the representation
given as eq. (21) of Ref. [146], in which the function In(1 + z) is approximated by the
polynomial:

n(l+ z) Z diz*. (A.69)

Using also Tab. A.1, we then get:

Ags(N) = M[fos(z deMz In(z)In(1 — 2)]
(A.70)

_ 51 N—l—k) SQ(N—l-]C)—C(Q)
B de[ N + k)2 N +k
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In order to determine the Mellin transform of eq. (A.54e), we use the expansion:

Lip(—z) = » ﬂ, (A.71)

SO:

00 X 1\k+1
Axg(N) = MU (V) = Y M 1 -2y = 2 C D) -

In this case we have chosen to truncate the series at k = 100.
Finally, we determine the Mellin transform of eq. (A.54f). In this case we use the
geometric series for 1/(1 — z) so that:

As3(N)M [f33(2 = > M[FLiy(1 - 2)] = ZSZ N;ik @2 (A.73)
k=0 k=0

Also in this case, the series has been truncated at k£ = 100.

Note that the Mellin transform of the z-space coefficient functions involve terms of the
form 2! f,(z). The Mellin transform M][z!f,,(2)](N) can be obtained from M][f, (z)](N)
using the identity M[z!f,,(2)](N) = M[fn(2)](N + ). Thus the Mellin transform of
any of the terms in Tabs. A.1 and A.2 and also any of the terms eqgs.(A.54a)-(A.54f)
multiplied by a factor z! can be obtained replacing N with N + [.

In conclusion, we have checked our calculation by comparing the inverse Mellin trans-
form of the N-space coefficients with the exact z-space results. In Fig. A.3 we show the
relative accuracy of for CQFEO( ), CFFO( ) C’FF0 (2), CZFqO’(Q), szgéz) and C’QFEOE{(Z). As
evident, the accuracy is always excellent

A.2 CC Processes

As we already mentioned, exact expressions for the CC coefficient functions are know
only up to order ag. We report here their Mellin transforms as implemented in the
NNPDF code.

The procedure followed to evaluate the Mellin transform of the CC coefficient func-
tions is slightly different from that used in the NC case. The essential difference comes
from the fact that, for the NC coefficient functions, we have Mellin transformed, not
only the coefficient function themselves, but also the #-function that takes into account
the reduction of the available phase space for the final state in the presence of massive
particles. This allows to extend the integral between coefficient functions and parton
densities over the “massless” kinematic range [z, 1]. From the point of view of the im-
plementation of the FONLL method, this provides a simplification because it allows to
put the massive structure functions on the same footing of the massless ones. In the CC
case, instead, the inclusion of the kinematic #-function in the coefficient functions makes
the analytical computation of the Mellin transforms impossible.

Therefore, in order not to rely on numerical approximations, we have chosen to
transform in the Mellin space the CC massive coeflicient functions without including the
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fore-mentioned #-function, but limiting the convolution with the parton densities only
to the allowed phase space.

Furthermore, the kinematics of the CC processes is different is different with respect
to the NC case. In fact, in the NC heavy quark production, up to order o, there are
two heavy quarks having mass My in the final state and this limits the available phase
space to W? > 4M? which is equivalent to x < (1 4+ 4M%/Q*) ~!. In the CC heavy
quark production, instead, up to order ay only one heavy quark is present in the final
state. This means that W2 > M%, i.e. x < (1 + M%/Q?*) ™1

In the following, without loss of generality, we limit ourselves to the charm structure
functions whose general definitions are given in eqs. (3.27) and (3.28). In fact, one has
just to use the appropriate formula amongst those given in egs. (3.27) and (3.28) and,
for the bottom and top structure functions, use the respective value for the mass in the
coeflicient functions.

Using the notation of Ref. [65] the order o charm structure functions in the FFNS

can be written as:
L d Q2 2 §
z (1) M 2
13

2 2
+ o < wea )b () |} @

with £ = 1,2,3. In the above expression we have used the following definitions:

fl?(%@ ) 7fs (6’ )

fs’ = 2“/05‘2fs + 2"/cd‘2fd

M? . Q?
c=r(1e i) v A=
F,y(1)

The explicit z-space expressions of the order a coefficient functions C are given
in Refs. [147, 65]. The standard structure functions are related to those defined in
Eq. (A.74) through:

(A.75)

FC=F0, Fs=2F5,  F5=2F5. (A.76)

Reabsorbing the LO term into the integral, eq. (A.74) can be written as:

1

d 2 2
7o) = [ E{ e @+ 0l (5 g i )| £ (S02)
5 C C

1 Q2 ,U2 §
el (=54 ) 5 (S00) }

where, as usual, as = a,/4m, from which, comparing to eq. (A.74), we read:

(A.77)

im0 () = %5(1 _ ), (A.78)



A.2. CC PROCESSES 125

whose Mellin transform is trivially:

1
Oy = 5 (A.79)

Therefore, we have that the order a? quark coefficient functions in the CC case, differ-
ently from the NC case, are different from zero.

Now we turn to the order «y coefficient functions. Before Mellin-transforming the
xr-space expressions, we rewrite them in the form:

2 2
Ci Y (oo A ) = KO0 =2+ 7G) + o) (A.50)

where K is a constant, f(z) is regular function in z € [0, 1] and g¢(z) is instead singular
in z = 1. This way, setting u = @ for simplicity, we get:

FF,(1) o _% i 7L2 1+3A _
Ci 7 (2) = 3(4+2)\+ 3 + 7 Ka|6(1—2)
4 (14 2%)Inz
+ 3|:—1_z—2(1+2)h’1(1—2)
z— 22
+(14+2)In(1—X2)+(3—2)+ (A.81)
1—Az
n é4ln(1—z)_2ln(1—)\z)_2 1
3 1—-=2 1—-=2 1—-=2
1 1-=2 1+ 22
- . 1
IS 1—zn4+’
FF,(1) o _% i 12 1+ A _
Cy, ' (2) = 3(44—2)\4— 5 + 5 Kp)o(l—2)
4 (1423 Inz
+ 3[—”—2(1+2)ln(1—z)
14 2) (= Ae)+ (20422 pilo® (A.82)
z)In z z . T .

4] In(1—z) In(1—\z) 1
* 3[4 11—z -2 11—z _21—2

1 1—2 14 22 ]
+— — InA|
2(1-X2)2 11—z N
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oW () = —g <4 + % + 7;2 41 ;?’AKA> (1 — z2)
+ g‘[—(l?f)zmz—z(uz)mu—z)
P42l = A2) + (1+2)+ 11__;] (A.83)
+ % [4ln§1—_ZZ) a 21n(11—_z)\z) B 21 i z
e o AL’

with K4 = (1= X)In(1—X)/\. The gluon coefficient functions, instead, do not need any
further work and are given by:

CIF’I;(I) (2) = %(2,22 — 22+ 1){2In(1 —2) — 2Inz — In[A(1 — \)]}
+ A—41 = N1 -2+ (1 —A)I_ZM (A.84)
+ 2(1—X) zlnm —2)\z2ln(1:i\\)zz -1,
CQFZ’(D (2) = %(2,22 —22z+1){2In(1 —2) — 2Inz — In[A\(1 = \)]}
+ 8 18(1 = X) + 121 = A)]a(1 - 2) + (1 = V)5 _1AZ (A.85)
1— Xz 1- Az
+ 6A(1 =) [zln(l_A)Z — 2)\z21n(1_)\)2} -1,
C;l;(l) (z) = %(222 —2z+41) {2111(1 —2)—2In(1—=Az)+1In <1_)\)\>}
+ 21 =Nz(1—2)+2(1—N\) [(1+A)221nm T n&:i;]
(A.86)

In order to transform to the N-space the above x-space expressions, in Tabs. A.3
and A.4 we have tabulated the Mellin transforms of all terms involved. Naming them

B, withn=1,...,22, these expressions take the very compact form:
o (N) = -4 (4+i+7ﬁ+ 1£3) )
Lq - 3 2x T 73 2\ A

% [—Bl — 2B3 + Bg + BIO] (A87)
+ 3[4Bs—2Bs —2Bs+ 3B7 — Bgln A .,
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) = (e g+ 7 )
+ % [-B1 — 2By + B3 + B11 + Bi9] (A.88)
+ 3[4Bs—2Bs—2Bs+ 3B7 — Bgln )\ ,
Cra(N) = —4(4+ &+ 5 + BPK)
+ % [~B1 —2B2 + B3 + B13 + B4 (A.89)
+ 3 [4B4—QB5—QB6+ B7—Bgln)\]
Org () = §Bis+ [4—4(1 = N)]Bis + (1 - X)Big (A.90)
+ 2(1—A)[Big — 2AB17| — By
o W(N) = IBig+[8—18(1 - A) +12(1 — N)?|Bis (4.91)
4 (1= N\)Bay +6M(1— \) [Big — 2\B17] — Bao,
a
C;I;( ) (N) = 1By +2(1-)\)Bis (A.92)

+ 2(1=A)[(1 + A\)Bi7 — Big) -
It is interesting to show how the Mellin transform Bj has been obtained. In fact,
given that we could not find close analytical expression for the Mellin transform of the
respective x-space expressions, we can only evaluate it in an approximate way.
We have to evaluate the following integral:

In(1— A ! In(1 — A
Bs =M HM] } :/ (N1l = Az) (A.93)
1-=2 i 0 1-=2
To this end, let us show how one can evaluate the generic Mellin transform:
In(1 — LpNra=1
I(N) =M [zq [M} ] - / T n(l-)2), (A.94)
1—-=2 n 0 1—-=2

where ¢ is an integer.
At first, we assume that N is a positive integer number. Under this hypothesis we
can use the geometric series:

N4qg—1 _ 1 N+q—2
z
n=0
Moreover, we expand the logarithmic function around Az = 0, so that we get:
(o9}
)\k k
In(l — \z) = — kZ (A.96)
k=1
Altogether, we have:
i Ak N+4q— 2/ k:-i—nd Z Ak N+q—2 1
= —_— Z = —_—
il — nt+k+l
_ _ A.97
k I k l l
k=1 I=k+1 k=1 =1 I=1
———  ——
Sl(N+q+k71) S1(I€)
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Therefore:
Bs =Io(N)=>_ TSN + k= 1) = Sik)], (A.98)
k=1
but since: .
SIIN+E—-1)=5(N+k)— —— A.99
at the end of the day we have:
By =5 N [ 4 k) — S0k — (A.100)
Tk [T ! N+k|’ '

One may notice that there is a certain overlap between the Mellin transforms pre-
sented in Tabs. A.1 and A.2 and those presented in Tabs. A.3 and A.4. The point is
that they are transforms belonging to two different implementation procedures, namely
the order a2 zero-mass limit of the NC massive coefficient functions and the order o
CC coeflicient functions, therefore for completeness we prefer to report both of them
separately.

Finally, to check our calculations we compared the Mellin inverse of the order ag
N-space CC coefficient functions to the exact z-expressions given in Ref. [65]. The plots
for the relative accuracies are given in Fig. A.4. One more time we have an excellent
agreement.
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Figure A.3: Relative accuracy for the numerical Mellin inverse of the NC coefficient functions

CQF’};O’@), zilo’@), C;zo’(z), C’EF(IO’@), QFEOF’{(Q) and CEFC(;)QQ) of the parametrization given in
Ref. [75] with respect to exact a-space expression of Ref. [64].
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n 9gn(2) By, = M[gn(2)](N)
(14 2%)Inz 1 1
1 R 28 — () — — + ———
1— 2 (52— C) = + (N 41)2
S8 1
2 | (1+2)In(1— _2t -
(1+2)In(1 —2) N N+1 (N+1)y2
Fi(L,N+1,N+22)) In(1—)\)
1+ 2)In(1— A AR ! !
3 | (1+2)In( z) NV 1) N
2F1(1,N+2,N+3;)\) In(1—\)
(N +1)(N +2) N+1
In(1—2) 1/ 9 Si
4 — - — 221
[ 1—2 L 2<Sl+52 N)
5 | [d=22) B =S 2 [N 4 k) — S1(k) —
-z |, AT L | ! N+k
k=1
1 1
e
1—2z " N
- 1— 2 2FL(2,N,N +2,0)  A+1In(1— )
1-X2)2], N(N +1) A2
1+ 22 1 1 3
— _ —9 Z
8 [1—ZL NTONT1 2T
3 1
) 5oz N N+l
10 2z — 22 oFI(LN+1,N+2,0) 2F(1,N+2,N+3))
1— Az N+1 N +2
2 2 2
11 22422 S e
i N+l N N-1
| Ezl=-z 2FI(LN —1,N.0)  »F(LN.N+1,3)
1— Az N —1 N
_2F1(17N+17N+27)‘)
N+1
13 1+ LI
: N N+1
14 1—=z 2F1(1,N,N—|-1,)\)_2F1(1,N+1,N+2,)\)
1— Az N N+1

Table A.3: Elementary transforms used for the computation of the Mellin transform of the

order g CC FFNS coefficient functions.
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n In(2) By, = Mlgn(2)](N)
1 1
1 1— B
’ e N+1 N+2
L= Az oF1(1, N +1,N +2;\)
16 .
: n(l—)\)z (N +1)?
17 P22 2Fi(1L,N +1,N +2)) — 1
(1A= AN+ (N 1 2)
4—2N(N —3) — N(N? + N 4 2){251 + In[A\(1 - V)]}
1 2 1 — 2)2
8 [22+ (1 — 2)%]x A0+ 5
1—
{om (F5) i - 0}
z
19 - 2F1(1, N +1,N +2;))
1—M\z N1
20 1 1
N
21 ! 2F1 (1N, N +1;))
1— Az N
2 (X% 2 2\ oF (1, N+ 1,N +2,))
2 N2 e (AT , , 7
22 22 + (1 — 2)%)]x A<N - N+2> 41
4A-1) (N2 + N +2) {28 —In (132)}

o (155) +m (52)]

AN +1)(N +2)

N(N+1)(N +2)

Table A.4: Continuation of Tab. A.3.
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Figure A.4: Relative accuracy of the numerical Mellin inverse of the CC coefficient functions

Ciz’(l), Cil;’(l) C;E’(l), CQFE(H, C;l;’(l) and C’;z’(l) of our results with respect to exact
x-space expression of Ref. [65].



Appendix B

Mellin Transform of the MS
Coefficient Functions

In this appendix we collect all the explicit analytical results for the Mellin transforms of
the correction terms arising when the heavy quark structure functions are expressed in
terms of the MS mass m rather than the pole mass M as discussed in Chapter 4. The
NC and the CC cases will be treated separately.

B.1 Neutral Current

In this Section the Mellin transform of the correction term to the gluon massive coefficient
function in eq. (4.48) for both F, and F, will be given. In addition, the respective zero
mass limit will be evaluated.

B.1.1 F,

We consider first F. The starting point is the Mellin transform of the gluon massive
coefficient function C’;Z’(l) given in eq. (A.21) of Appendix A. From the definitions given
in eq. (A.2), it follows that:

0 _oco_20
OM — OMde MOe’
(B.1)

oM — OM dcda M

0 de da 0 8(1262
Oa
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Therefore:
8CFF7(1) 2
527’9 — T M{Q(—6786)12+411+4J2 —4J;
8a’e 9y 01 oI, 0l
_ — Be — Zrz —2¢) = 4 Y B.2
[2(1 bc e )3a 2(1 - 2¢) Oa + Oa (B:2)

d.J. oy 0J;
- 4(2—6)8;+4(2—e)8a1—aa“]}.

Now, starting from eqgs. (A.13) and (A.19), the derivative of the functions I, and .J; can
be evaluated using the relation valid for the derivative of the hypergeometric function:

0 b
a—gFl(a, bc;x) = —[2F1(a,b+1,¢;2) — o F1(a, b, c;x)] (B.3)
x x
so that: p . )
% N+gq (=N N —.
daa 2 1<27 +4q, +q+ 27(],)
1 1
= o THN + q)o Fy (2,N+q+1,N+q+2;a> :
d N+q 1 3.
%CL 2F1 §,N+q+1,N+q+§,a (B4)
1 3
=a" TN (N + g+ 1) 5 (2,N—I—q—|—2,N—|—q—|—2;a>
1 3
—OLNJrqleFl (2,N+q+ 1I,N+q—+ 2;a> ,
and:
o1, N+q—1F(N+Q)F(%) 1 1
— = —F *,N‘f’ +17N+ +7; )
aa a F(N+q+%)2 1 92 q q 9 a
dJ, Nag 1 LN + ¢+ DD(3) 1 1
- = Fi(=N+q+1,N+q+ =;
9 a F(N—i—q—l—%) 214 5 q q 5 a
(B.5)
N+qg+1 1 3
- ———oF | =, N 2, N —;
s U CORTASRRTS )
1 1 3
——oF | =,N 1,N =; .
+ N+q+%2 1(27 +q+1, +Q+27a>}

Looking at these expressions, one can see that in these derivatives, a part from
hypergeometric functions of the form oF(a,b,a + b;x) which were already present in
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CZFZ’(D itself, also hypergeometric functions of the form 9Fj(a,b,a + b — 1;x) appear.

The implementation of the Gauss hypergeometric function discussed in Appendix A can
be extended to the case ¢ = a+ b — 1 using the expansion around x = 1 reported in
eq. (15.3.12) of Ref. [143].

The Mellin transform of the zero mass limit C’;ZO’(U of C’;Z’(l) is given in eq. (A.31).
Here, considering that:

o . Q7 2
1 S B.6
oM "M T M (B-6)
the derivative of C’;Fgo’(l) is given by:
acy W 2 [ 2 2 1
— = —Tp— - +—1. (B.7)
oM M|N+2 N+1 N

B.1.2 Fj

Now we turn to F7,. In this case the Mellin transform of the gluon massive coefficient

(1)

function Cng’ takes the simpler form given in eq. (A.23). Therefore, using eq. (B.1),

one gets:

- | 8est — 4 g (B.8)

16¢ 8a’e oI, 0.J oy
Oa da Oa ’

where the derivatives of I, and J, with respect of a are given in eq. (B.5).

The zero mass limit CEFQO (1)

M. This directly means that:

, given in eq. (A.35), turns out to be independent from

acy W
LU B.
o = (B.9)

B.2 Charged Current

As discussed in Sec. A.2, the LO order contribution to the heavy (charm) massive CC
structure functions can be written as:

FO (M) = by(M) fo (£(M)), (B.10)
where:
M? T by = %
(=2 <1 + 2> =~ and by =¢ (B.11)
@ A bs =1
N —r 3 =

and where, for a proton target, one has:

for = 2|Ves* fs + 2|Vea* fa- (B.12)
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Therefore the derivative in the r.h.s. of eq. (4.51) can be explicitly written as:

dF d¢ dF”
(1) 2k — (12 Mk
K I v N
(B.13)
_ on(1 - [dbk ) dfsf”
2HO(1 = N)¢ | GELAO + 0O T

Eq. (B.13) involves the derivative of the parton density fy and this makes the imple-
mentation a little bit more troublesome. In fact, the functional form of fy is in general
unknown and thus an analytical derivative is impossible to evaluate.

Using the same arguments of eq. (4.44), one can show that:

dfy _d [dys <5>_ Ty a4 (5>
=g s (G)= [ an-wgs(5) mw

Therefore eq. (B.13) can be written as:

o, = 200208 /; Yo |G rn©g] 1 (2). @

0
mdry

mh

where in the r.h.s. of eq. (B.15) we are assuming that . the pole mass M, which appears
only through &, has been replaced everywhere by the MS mass m. But since:

SOty Oty Q) o
)-cpo - 2()-tG) e

it follows that:

/;d;/m—y)ifsf(j): /gdgy(;( )jyf(5> Y

Now, integrating by parts the r.h.s. of the equation above, one gets:

/; dyy(s(l —y)jgfs/ (f/) — /: ‘Zy {Z [jym _ y)] } fu <§> ' (B.19)

Therefore eq. (B.15) can we rewritten as:

e s M0 o] ().

and:

dr”

(1)
mh T
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In eq. (B.20) a coefficient function can be isolated and, considering the form of by given
in eq. (B.11), one has:

Crat) = n0(1 = {600 -0) + |y -)| |

Coa(y) = 20D (1 — 2 {5(1 9+ [yjy5<1 - y>] } (B.21)
Csq(y) = 200 (1 = N) [yjy5(1 —~ y)} :

in such a way that:

dFy”
dM

mh®

Ly ~ £>
= —C s/
o 5/5 G0 (y
) (B.22)
)dFik

_ [ty 5)
M e _/§ Y Ck,q(y)fs/ (y )

where now k£ = 1,3 and whose Mellin transforms, taking into account that:

mh\

M [ycg/d(l - y)} (N)=-N, (B.23)
can be easily evaluated obtaining:
Crq(N) = M[C1,()](N) = a1V (1 = AN
Co,g(N) = M[Ca,q(9)](N) = 20D (1 = A)(1 - N) (B.24)

C4(N) = M[Cs 4(y)](N) = —2n (1 = AN .

Now, since the non-derivative order « contributions in (4.51) take the form:

F{ (m) = ¢ /£ 1 - {Cz,q(y)fs/ (5) T Cog )]s (j) } (B.252)

Y

FY (m) = /; dyy {Ck,q(y)fsf (j) + Cro(y) fy <§>} : (B.25b)

the whole order a; term in eq. (4.51) can be written as:

JF© Ld A
FO (m) + ma) ;}4 - 5/5 Zy { [02,q(y) + Cg,q(y)} fs <§> +Co,4(y) fy (j)}
(B.26a)
dr," td G
s ot () s (3]

(B.26b)

It is interesting to observe that in the zero-mass limit, where A — 1, all the coefficient

functions in eq. (B.24) vanish. As a consequence, the zero-mass limit of the CC massive

structure functions up to order a in terms of the pole mass M or the MS mass m have
exactly the same form.
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Alternative Calculation

We sketch here an alternative calculation that looks more transparent and confirms the
result found in eq. (B.24). We start directly calculating the Mellin transform of the term
proportional to the derivative in eq. (B.13), that is, disregarding the overall constant:

But since:

it follows that:

= [ ' deeN1 [a)k(f)df ] .

dg

d
d¢

dfs’
¢’

L eNh(€) (€)= {

- 06| £(6) + €0i6)

1
(V) = €0 (O (0| - [ e
—_———— 0
=0

[jgska(&)] 1(6).

Now, using the definition of bg(§) given in eq. (B.11), we can easily find that:

1(N) = 3N fu(N)
I(N) = —N fy (V)

(B.27)

(B.28)

(B.29)

(B.30)

If one now calculates the Mellin transform of the remaining part of eq. (B.13), one finds
the results given in eq. (B.24).
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